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AESTR AC T 
A detailed study of the l i terature on the concentrations of water 
vapor in the s t ra tosphere and mesosphere is given. 
the concentrations in these regions lie in  tbe range f rom 0. 1 ppm to 10 
PPm. 
It is estimated that 
A survey was made of the scattering and radiative t ransfer  
properties of water vapor and the background constituents to determine the 
physical properties of importance to measurements of concentrations. 
It was determined that absorption and emission properties provide 
significant increases  in  sensitivity compared with the various scattering 
phenomena considered. Microwave absorpcion in  the region of 22 GXz 
and 1 8 3  GHz and infrared absorption in  the vibrational-rotational band 
systems seem to be the most attractive techniques. 
configurations are a;lalyzec! and compared. 
Various experiznental 
vi 
CHAPTER I 
INTRODUCTION 
The problem of how mcich water vapor exists in tl?e stratosphere 
and above is one that has rcce<ved attention for  a considerable number 
of years  but which has s t i l i  not yet been fully answered. 
The amount of water vapor i n  the u p p r  atmosphere i s  a cr i t ical  
problem since it plays an important par t  i n  the chemistry and heat 
budget of the atmosphere. 
destroying Ozone and contributes to the escape of hydrogen through 
photodissociation. 
OH airglow emissions, and may control ionization loss  processes  a s  
high a s  80 km. Water vapor i s  involved in 0 - H - N photochemistry 
in the mesosphere, and there i s  a strong possibility that the existence 
of noctilucent clouds is dependent on the amount of water vapor present 
near the 80 km level. 
Water vapor may be responsible foi 
It is thought to be responsible f o r  hydrated ions, 
Mastenbrook (197 1) reported the observed increase  in mixing 
ratios of water vapor f r o m  two par t s  pe r  million to three par t s  p e t  
inillion through the six year period f rom E964 to  1969. 
was observed at a l l  p ressure  levels f rom 15 km to 21 km. 
This increase  
F o r  these reasons and more,  i t  is important to develop a method 
of detecting and measuring the concentration of water vapor in the 
atmosphere from the surface of the earth up to shout 100 km where the 
H20 mixicg ratio is probably seriously reduced through dissociation by 
solar  ultraviolet radiation. 
At the present time, the highest experimental measurements of 
water vapor have been about 32 km. 
30 km to 90 km, where little i s  known about i ts  concentration. 
Thus, there  is a large height range, 
This 
- 2  - 
report  discusses vzrioua detection techniques that could be used for 
observing water vapor and making measurements. 
background, Chapter of the report  discusses the present knowledge 
about the concentration of water vapor i n  the atmosphere, both experi- 
menial and theoretical. Also, the attenuation of radiation by water 
vapor i s  discussed in  order  to understand the interaction of electro- 
magnetic radiation with the water vapor molecule (which i s  the basis 
of several  of the detection techniques considered). 
In order  to set  the 
In Chapter II tne concentration of the atmospheric constituents 
i s  discussed, and all  that is known currently about the water  vapor 
distributions i s  reviewed. 
processes  present in  the atmosphere is discussed in  Chapter 111 with a 
physical description of the radiative transfer of energy through an 
atmospheric volume, and the refractive index of the atmosphere is 
related to the atmospheric properties of pressure ,  temperature,  
density of constituects, etc. 
The theory af the various physical radiation 
Chapter IV then follows with special attention given to the 
mic row7ai.z frequency range. 
water vapor and oxygen molecules valid in this range a r e  presented. 
The various absorption coefficients for 
The theory of infrared absorption is presented in Chapter V 
with the band models of Elsasser  and Goody being discussed. 
In Chapter VI the various methods of radiometry which can be 
used to  detect and measure the water vapor concentratiDns a r e  discussed 
in t e rms  of their basic strengths and weaknesses. 
in which the methods can be used a r e  also discussed. 
which a r e  inherent i n  the atmosphere and that complicate the various 
detection and measurement processes  a r e  considered. 
The basic configurations 
Some of the factors 
- 3  - 
In the las t  chapter an  aytterapt is made to draw some conclusions 
about the various methods of detection, the optimum frequency ranges 
of operation, etc. 
a t  thiL >oint no method seems ta be outstanding over;J. 
has its weak and strong points. 
The reasons for the selections a r e  presented although 
Each metbod 
The physical and m-olecular properties of water vapor a:.-. 
discussed i n  Appendix A so that some understanding of the behavior I-,! 
the interaction be tween the molecule and the incident electromagnetic 
field can be obtained. 
In Appendix B the properties of the oxygen molecule a r e  
discussed since non-resonant alsorpt-on by oxygen interferes  with 
the water vapor lines in the otherwise relatively clean region of the 
microwave spectrum. 
In Appendix C, ser ies  approximations to the Mie scattering 
coefficient a r e  presented. 
Finally, i n  Appendix D, the derivation of ElsaRser 's  infrared 
absorption model i s  presented. 
CHAPTER I1 
CONSTITUENTS O F  THE ATMOSPHERE 
2.1 General 
The major constituents of the atmosphere up to about120 km a r e  
molecular nitrogen and molecular oxygen, 
amounts of argon, carbon dioxide, water vzpor, etc. (see Figure 1). 
Molecular oxygen i s  dissociated by solar  ultraviolet radiation in the 
mesosphere and thermosphere. 
while the concentration of atomic oxygen (0) increases  with increasing 
altitude. 
02; a t  500 km practically no O2 remains. 
more  difficult to dissociate and even a t  500 km the concentration of 
atomic nitrogen ( N )  is very small. Above 100 km the effects of 
diffusive separation do become important, and thus, the lighter gases  
tend to predominate in the upper regions compared with the heavier 
gases in the lower regions. 
and hydrogen a r e  the principal constituents in the extreme upper 
atmo sphe re. 
Also p iesent  a r e  small  
The concentration of 02, thus, decreases  
At about 120 km the concentration of 0 i s  greater  than that of 
Molecular nitrogen is much 
A s  a resul t  of molecular diffusion, heliul 
The concentration of carbon dioxide iq the atmosphere is 
approximately constant a t  least  up to 80 km. 
density is usually found between 20 aud 30 km. 
ozone a t  i ts  maximum is of the order  of 5 x 10 
there i s  only one ozone moiecule to about 10 
molecules, we can expect that ozone will not play a significant par t  in  
apy nor-resonant ecattering experiments. In  the case of water vapor, 
experimentai information concerning the variation with height above the 
tropopause is poor, 
The maximum ozone 
The number density of 
c m  ’. A s  this means 12 - 
oxygen and nitrogen 5 
-5 - 
Figure 1 :  Atmosphe4c composition hetween 20 and 120 k m  
altitude (Kent,’ C. ‘S. and .Wright, R .  V, H., 1970) 
-6- 
2.2 Water Vapor Content 
The f i r s t  measurements of stratosi  .leric water  vapor were 
mdde by the Sri t ish in 1953 using a manually operaled frost  point 
hygrometer on an aircraf t  (Mastenbrook, 1968). The frost  poiut 
hygrometer when used as 3 sounding instrument provides a veriical 
distribution of water vapor in t e rms  of the f ros t  point temperature. 
F r o m  the known relation of f ros t  poict temperature and par t ia l  p re s su re  
of water vapor formulated by Goff and Gratch (1946), the concentration 
of water vapor is determined using the perfect gas  law 
o r  
RT 
is the molecular weight "kzo where p is water vapor density apd H20 
of water vapor. When pH o, the par t ia l  p ressure  of HZO, and nH oJ 
2 2 
the concentration of HZO, a r e  the saturated values, the value for T is 
the frost  point temperature (or dew point temperature where appropriate). 
The British observed i n  their  measurements that humidity 
1 decreased rapidly with he:'ght above the tropopause and mixing ratios 
a s  low as 2 x 10 -6 (two par ts  per  million) were  found (Mastenbrook, 1968). 
Using the same technique, Mastenbrook obtained a median vertical  
distribution of water vapor for the lower stratosphere to a height of 
28 k m  which Ppproximates a constant mixing ratio within the range of 
'The mixing ratio is the ratio of the -3s of water vapor present  
to the mass  3f dry air presenk in a unit volume. 
-7 - 
-6 -6 2 x 10 to 3 x 10 He found that 
the vertical gradient in the lower stratosphere reversed seasonally. 
The gradient i s  negative in the late winter and spring and positive in 
the late summer and fall. 
seasonal change of moisture in  the low stratosphere (Mastenbrook, 1968). 
( two to three par ts  per  million). 
The change of gradient is attributed to the 
A few years  ago, Sissenwine i1968) reported that the British 
consider th. mixing ratio to be about two par t s  per  million a t  the 16 km 
level. 
lower a s  the atmospheric density falls off with altitude. 
f ros t  point (and dew point) have a one to one relationship with absolute 
humidity (water vapor density), they would also have a parallel  
decrease with altitude. 
using a balloon a t  32 km and af ter  solving the water vapor outgassing 
problein, concluded that his findings reinforced the British findings 
of a mass mixing ratio of 0.002 gm/kg at  the 16 km level (100 mb) 
which was the maximum altitude of the original Brit ish a i rc raf t  data. 
His results ranged f rom 1 to 10 par t s  per  million. 
showed that above this level the water vapor density increased to a 
relative maximum a t  25 km (from a humidity minimum above the 
tropopause at about 15 km) (see  Fiyc;re 2). 
In this case the water vapor density tends ' 0  become monotonically 
Then since 
Sissenwine (1968) conducted his own investigation 
Thesz resul ts  a lso 
Keneshea, e t  al. (1972) presented a density profile of water 
vapor which was calculated theoretical';- From 40 to 150 km and f c r  
30°N equinox and 60°N w i n k r  ..3',ng a photochemical model. 
(1972) collected theoretical water vapor profiles of Shimazaki and 
Laird (1970), Anderson (1971),  Bowman, Thomas, and Geisler (1970). 
Shimazaki $and Laird and Bowman, Thomas, and Geisler used 
photochemical transport  models while Anderson deduced water vapor 
Sechrist  
-8 -  
Figure 2: Water vapor mixing ratio profile from 0 to 32 k m  altitude 
(Sieeenwine, N. et al, 1968; reprinted by permission 
of the American Meteorological Society) 
-9- 
concentrations inferred from rocket borne fluorescent scattering 
observations ( see  Figure 3). 
In one of the more  recent papers,  Mastenbrook (1971) published 
the results of a six year  s k d y  in  which monthly samples were taken 
over Washington, D. C. and a steady increase of water vapor mixing  
ratio f rom 2 x 10 to 3 x 10 has  been observed. The increase was 
observed a t  a11 pressure levels f rom 100 mb (15 km) to 50 mb (21 km). 
This increase suggests that stratospheric water vapor may possibly 
be an  indication of climatic *driations occurring a t  lower levels. 
-6  -6 
- 10- 
WO mum 
Figure ": Theoretical models of water vapor density 
- 1 1 -  
CHAPTER 111 
ATMOSPHERIC RADIATION PROCESSES 
3 . 1  General 
The atmosphere is a turbid medium composed of atomic and 
molecular gases and aerosols  which a r e  solid o r  liquid (or a combination 
thereof) particles of different sizes suspended in the air. 
Electromagnetic energy incident upon a volume of this gas-  
particle mixture is both scattered and absorbed i n  accordance with 
Beer ' s  law which governs the extinction of energy by the atmosphere. 
- - ~ d z  dI I - -  
where in  general 
u = K S t K a t K r  
( 3 . 1 )  
( 3 . 2 )  
Ks = the scattering coefficient 
Ka = the absorption coefficient 
K = the reflection coefficient r 
In additi.on absorption and emission of radiation occurs in  the  a&mosphere 
entirely independently of external sources of electromagnetic radiation. 
The la t ter  is caused by thermal (black body) radiation resulting f rom 
the collisions between molecules and particles undergoing thermodynamic 
processes.  
qcL,ich'is described b> -'+,e, Plahck functi0.n. 
of radiation in passage through an atmospheric regidn governed by an 
equation of the form 
Thermal or  hlacK body radiation ha8 a continuous epeetru'm 
Thus -the total change df intensity 
- 12- 
(3.3 
where E is the source function related to the thermal radiation intensity 
given by Planck's function 
1 3 E a -  2h u 2 h' 1 - C 
(3 .4)  
The physical picture one may draw from this equation is that a 
wave of intensity I incident upon an  atmospheric volume in 
thermodynamic equilibria- is, i n  general, scattered in directions other 
than that of the direction of propagation (although some forward scatter 
will be i n  the direction of the wave), reflected by discontinuitiea in the 
gas mixture, and absorbed. Absorption occurs whenever the electro- 
magnetic energy oi the wave raises  the molecules to excited states, 
and then before the molecules can reradiate,  collisions occur during 
which non-ra8iatir.g traxiditions (deactivation) take place. 
occurs both continuously f rom thermal processes and discretely 
f rom molecular transitions triggered by the incident wave. Thus, the 
intensity oi radiation ieaving the vuiurne itransmittecij is that portion ol 
the wave that has not been scattered, reflected, o r  absorbed, plus 
that &mount which has been forward scattered and emitted by excited 
molecules in the reference direction. 
Emission 
In order to avoid confusion, the processes should be defined on 
a precise basis. 
process in which there is a decrease in internal energy of the molecule. 
Achially, there a r e  two types of emission. 
lower state takes place in one step so that the emitted quantum has the 
same frequency as the absorbed quantum, coherent emission occurs, 
F o r  this study emission is defined as the radiation 
When the transition to a 
- 1 3 -  
which is also known a s  resonant scattering. 
fluorescent o r  incoherent emission. 
to the ground state through a cascade process among intermediate 
levels. When frequencies a r e  emitted lower than that of the absorbed 
quantum, these lines a r e  called Stoke's lines and the process is known 
as Stoke's fluorescence. 
absorbed quantum a r e  emitted, the lines a r e  called anti-Stoke's lines 
and the process is called anti-Stoke's fluorescence. 
s r e  weaker than Stoke's lines by a factor of 
i n  balance must be made up by translational kinetic energy (K.E. ) p  
A process related to fluorescent emission is that of Raman 
The other type is ca2ed 
In this case the molecule returns 
When higher frequencies than that of the 
Anti-Stoke's lines 
because the energy 
scattering. Raman scatter differs f rom fluorescent emission in that 
for fluorescence, the incident photon is completely absorbed a d  the 
molecuie is thereby raised to an excited state, whereas in Raman 
scattering, the photon as a whole is never absorbed, but rather simply 
perturbs the molecule and induces i t  to undergo a vibrational o r  
rotational transition and that portion of the photon energy remaining 
becorncn thp e r n t t e r &  r=d iz t i c~ .  
In addition to the process of emission is that of absorption in 
which the energy is transferred to the molecule to ra ise  i t  to a higher 
state. However, before the molecule can reradiate, the energy may 
be removed in the form of kinetic energy by collisions. A l l  of these 
processes involve a change in the internal energy of the molecule and 
must be described by quantum mechanics in terms of probabilities 
called E ins  tein coefficients. 
In addition there exist electromagnetic scattering mechanisrm 
Scattering can be defined as such as elastic scattering and reflection. 
-14- 
an elastic process i n  which there is no internal energy change of the 
molecules. The process does not emit radiation, but only results f rom 
a perturbation of the wavefront by the scattering particle. 
perturbation then acts as a secondary wave propagating out f rom the 
particle or  molecule. 
The 
This p r m e s s  is  described by classical  electro- 
magnetic field theory. 
The s2m-e is tree fr?r the p x c e s e  of reflection. The main 
difference between this process and that of scattering is that scattering 
occurs f rom individual particles where I > >  X ( P  being the distance 
between particles and is proportional to n-3, and X is the wave length 
of the incident wave). However, for the case of reflection, I < <  X so 
that a layer of particles creates  a fluctuation or  discontinuity i n  
refractive index, which then cacses 3 reflection of the wave. 
3.2 Emission and Absorption 
Molecules can exist in either the ground state or  excited states, 
Though they a r e  neutral, they can possess both electric and magnetic 
-'!poles o r  higher order multipoles. 
hetweerr matter and r,-. ';ation is most  commonly by coupling between 
the electric component of the radiation field arid the electric dipole of 
The mechanism of energy transfer 
the molecule o r  between the molecular magnetic dipole and the magnetic 
field component. This energy transfer may occur over a broad band of 
frequencies (non-resonant absorption) o r  i t  may be a sharp line 
resonance t ransfer  (resonant absorption). If, a s  a result of the 
interaction, the radiation f ie ld  loses energy to the molecule, abscrption 
occurs. Conversely, if the radiation field gains energy f r o m  the 
molecule, emission occurs,  
- 15-  
There a r e  three basic types of radiation field molecule interaction: 
absorption, induced o r  stimulated emission, and spontaneous emission. 
In  absorption a photon is absorbed by the molecule which is then raised 
3 a state of higher energy. Induced emission is the reverse  process,  
where the molecule (already in an excited s ta te) ,  under the influence of 
the applied electromagnetic field, emits a photon a t  the frequency of 
the applied fie18 2nd drcps to a lower internal energy level. 
spontaneous emission, a molecule i n  an excited energy state,  even 
though it  i s  undisturbed by an applied field, emits a photon a t  the 
characteris tic frequency given by the Bohr frequency condition 
(hw ... = Ei - E.) and drops to a lower energy state. 
absorption and induced emission a r e  coherent processes  since !he same 
incident wave acts  on all the molecules, where as the process  of 
spontaneous emission is usually an incoherent process  since i t  is 
random in nature, Thus, the resulting spontaneous emission signal 
power is much less  than that obtainable i n  a coherent absorption or  
emission process. 
an upper level E. to a lower level E .  depends onlv on the number of 
molecules in  the upper level, Ni. 
absorption depends on the populations Ni and N 
interaction were  dealt with by Einstein. 
probability for either absorption o r  induced emission, and his A 
coefficient gives the spontaneous emission probability (Barret t ,  1958). 
In 
The processes  of 
13 3 
The rate  of spontanaous emission occurring f rom 
1 J 
The rate  of stimulated emission and 
These types of 
j* 
His B coefficient givea the 
Several life times a r e  important fo r  resonance absorption and 
The excited molecules reach rotational equilibrium before emission. 
they decay hack to the ground state because of the fas t  rotational 
relaxxtion t ime of the order  cf seconds a t  standard temperature 
- 16- 
and pressure (STP). 
much longer, and is approximately 10 seconds at  atmospheric 
pressure,  depending on the molecule. The spontaneous radiation deca). 
time is even longer being about 10-1 to 
metastable states. 
much faster (at STP) than the radiative decay time, the resonarice 
emission efficiency is reduced by about the ratio between the two decay 
tim.es (Kildal, e+  al. ,  1971). 
The non-radiative vibrational relaxation time i s  
-4 -6 to 10 
o r  more seconds for 
Since the non-radiative vibrLtional decay time is 
To discuss the process of absorption and induced emission, i t  is 
helpful to consider a molecular gas having two energy levels E l  and E 
OD 
having n1 and n molecules per cubic centimeter i n  the upper and lower 
energy levels, respectively. 
by these levels, where hvo = E l  - Eo. 
gas in a range of frequencies close to v will be absorbed by molecules 
initially i n  the lower state. 
hvo necessary to cause a molecule to make a transition f rom the lower 
to the upper energy level and a photon of energy hv will be removed 
f rom the radiation fieid. Liirewiae, h e  radiation call iiidilre cr 
stimulate transitions in the reverse  direction, f rom the upper to the 
lower energy level, and this stimulated emission will add a photon of 
energy hvo to the radiation field. 
the difference between the number of absorptions and number 01 
emissions. 
energy of frequency v, the probability of absorption per  molecule 
per second is Bot p ( u )  where p(v )  dv is the energy density of the 
incident radiation in the frequency range between v and v t dv and 
Bol is the Einstein B coefficient for absorption. 
0 
Let v0 be the resonant frequency defined 
Then radiation incident on this 
0 
The incident radiation will supply energy 
0 
The net absorption by the gaa is 
If a molecule in the lower state is capable of abGorbiqf 
The number of 
-17-  
molecules pe r  cubic ceni.rr?eter capable of absorbing energy a t  
frequency u can be written as n f ( v !  where f ( u )  is the fraction of 
molecules able to absorb a t  frequency v. 
0 
The fraction f (  v )  will depend 
on the molecular velocities in the case of a Doppler broadened line, 
an the width of the energy levels i n  the case of a line broadened F 
stimulated emission, and on p res su re  in the case of a line broac_,it.d 
by collisions. In  either case,  f (u ) ,  the line shape function, is subject 
to the condition 
f ( u )  dv = 1 
0 i
Thus the number of absorptions Fer cubic centimeter per  szcond a t  
frequency u i s  
( 3 . 6 )  
Similarly, the number of induced or  stimulated emissions pe r  cubic 
centimeter per  second is 
where B10 is  the Einstein B coefficient for induced emission and is 
related to BO1 by the relation (Barret t ,  1959) 
go B O 1  = R 1  B1O (3.9) 
The numbers g 
numbers. 
energy levels 0 and 1, respectively (Barret t ,  1958j. 
g a r e  statist ical  weights of order  unity and a r e  pure 0' 1 
They represent the number of sublevels which compose the 
- 18- 
The net number of absorptions is 
(2.10) 
Before continuing with the case of absorption and induced emission, 
i t  is important to discuss the case of spontaneous en,'_pc,ion b3 +his 
process has been neglected in the net ahsorp5on ec;uation 
A s  has been mentioned, the line width can be broadened by 
spontaneous emission o r  natural broadening. 
both of the energy (states) of the transition may have a short  lifetime. 
This i s  because one o r  
Molecules in such a level o r  state will not remain in that state if they 
can ''make a transition by photon emiseion". 
assumed to be in  a particular state a t  time t = 0, the probabilit: of 
finding the molecule in that state a t  time t is the Einstein A coefficieut 
If a molecule is  
and is given by quantum mechanics as  
(3.11) 
3hc ' 
where p is the electric dipole moment. By Fourier  analysis of 
radiation from an oscillator whoee amp!.itude is dxaying  with time 
according to e 2 (the enei-gy i s  decaying a t  the rate e-At), one can 
obtain a frequency spectrum of the form (Barrett ,  1958) 
-At  
I ( v )  = IO 
( V  - v 0 j 2  t (A14Sl2 (3.12) 
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or the radiatioe; has  a line width A/27r. 
broadening, pressure  broadening and Doppler broadening, will be 
discussed la ter  in  this section. 
The othe; forms of line 
Note that A depends on the frequency of the incid. .l vave v i n  
a cubic fashion. 
for radio frequencies. 
Thus, A is la rger  for  optical frequr.nc;*-;r; '.han i t  is 
The mechanism of spontaneolis emission ;IS the principal 
cause of the continuous emission spectrum generated by the thermal 
processes  within the atmospheric gas. The net number of emissions 
is given by 
The r e t  number of absor?tions is given by 
At (thermal) equilibrium, the sum of the er-lissiom is eqcal to that of 
the absorptions 
Then using 
hv 0 
n1 g1 - - kT 
"0 uo 
- -  e . - -  
One may obtain 
(3.16: 
( 3 .  17! 
and i t  can be shown (Barret t ,  1956) that 
-?O 
goBm = QBIO 
so that 
n -h v0 
e -  A " l B ~ ~ C  1 - e=] p l v )  = - kT 
-h V  
0 
a,, 
o r  the radiation density p(v)  is 
gih3() A 
hv3 
- p ( v )  = 
- 1) -ET 
but 
83 v3 h 
3 BO1 A =  
C 
g0 and if g l  = 
8w v' h 1 
vO 
P ( V )  = 3 
f- - 1 C kT 
(3.9) 
(3. 18) 
(3. 19) 
(3.20) 
(3.21) 
This is the Planckzlack body formula which describes the continuous 
spectrum from therm-a1 raaiation. Returning to the discussion of 
absorption and inductd emission, the relative number of molecules in  
levels 1 and 0 can be related by the Boltzmar, distribution for a medium 
ir local thermodynamic equilibrium {collisions dominate radiative 
transfer in determining populations). 
- (E1 - Eo) g1 -h v0 
€!- = - e- nl 81 no go kT 80 kT - = -  (3.22) 
This can be written for radic frequencies up through the microwave 
range where hvo << kTas 
- nl = g l  - - [ I - - ]  hvo 
kT no go 
(3.23) 
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The change in  energy density dp(v)dv per unit path length df through the 
gas is - times the ne t  absorptions per c m  per  second o r  (Barret t ,  1958) hv  3 
C 
(3.24) 
The absorption coefficient K (u) (the fracticnal change in energy a 
density per  unit length) becomes 
The Einstein B coefficient to be inserted into the above 
formulation is, 
In most 
f rom quantum mechanics, 
(3.25) 
( 3 . 2 6 )  
atmospheric attenuation work, the total absorption is 
given i n  terms of opacity o r  optical depth T( w )  where 
T ( W )  = 1 Ka(w)dl ( 3 . 2 7 )  
It can be shown that for  No molecules in level 0 contained in 
a column along the line of sight of one crn2 c ross  section where 
No = 1 nodf ( 3 . 2 8 )  
that 
2 2  8a3 No Y 
f (  v )  ( 3 . 2 9 )  
J ckT T ( W )  = 
For a line broadened only by spontaneous emissiop, the line 
shape f (  v )  is (Barrett ,  1958) 
(3 .33)  
-22- 
which is proportional to Equation (3. 12). 
the opacity of the gas. one can describe bow the presence of the 
molecular gas w i l l  affec the intensity of radiation received by a 
radiometer (Ba rrett, 1958).  
Using this expression for 
Although the preceding theory considered only two states, 
more than two possible energy states exist for all molecules. 
it is not possible to cause transitions between every pair of internal 
energy states; restrictions are imposed on what pairs of states may 
be coupled by both radiative and non-radiative transitions. 
restrictions are  known as selection r u k s  and a re  expressed in terms 
of allowed changes in  the quantum numbers specifying the internal 
states. 
magnetic radiaticn, the effectiveness of radiation on the atom or 
molecule is given by the dipole matrix element p.. which is obtained 
quantum mechanically. This matrix element depends on the initial 
and final states of the transition and like its classical counterpart, 
can be classified PS either electric or magnetic. A s  can be seen from 
either Einstein's A or B coefiicients, when a transition takes place, the 
intensity of emitted radiation is proportional to the square of the 
matrix element and this provides &e key to the selection rules. When 
the matrix elements are calculated quantum mechanically, many cases 
tcrn out to be zero and it becomes possible to predict quite ke3erally 
which combinaEons of initial and 9nal state qualztum numbers will give 
results different from zero. 
However, 
These 
In the ti.eory of interaction of an atom or molecule with electro- 
U 
One important broperty of these transition- is that the electric 
dipcle moment is  of the orcier of 100 times the magnetic dipole moment, 
and since the intensity cf emitted radiation varies as the square of the 
-23 - 
4 dipole matrix element, electric dipole transitions a re  some 10 times 
as intense as  magnetic dipole traasitions. Thus, the concentration 
of molecules possessing electric dipole transitions can be much 
smaller than those of magnetic dipoles and still be detec-ible. 
There are  three main sources of the 5roadening of the atmospheric 
spectral lines. 
collisions and longer range interactions between the radia'ing molecule 
and other molecules. In this form of broadening, the atoms or  mp'ecules 
a re  assumed to have a definite collision radius and each radiating 
molecule periodically suffers a sudden disruption of the radiation 
mechanism. 
the phase by an arbitrary amount. Fourier integral analysis of the 
wave train yields the observed frequency distribution of spectral 
Pressure or collisional broadening exists because of 
The collision either stops the radiating process or changes 
intensity. The result is 
C 
I (w)  = - - 
I 
the dispersion line form (Foley, 1946) 
2- n t a  v 
(3.31) 2 -  2 (nw a vi2 + (w - wo) 
2- with a half width in angular frequency units of 2nw a v where n is the 
number ofmolecules per cubic centimeter, a is the collision radius 
anC -: :s the mean velocity of the molecules. 
is sim5lar tu Equations (3. i Z j  and ( 5 .  ju]. 
- 
Note that this expression 
This form of broadening is dominant in planetary or solar 
atmospheres. It is dominant in our atmosphere up to at  least the 
upper s t rat0 sphe r e. 
The next most important form of line broadening is Doppler 
broadening which becomes dominant where pres sure broadening 
recedes in importance. 
atom or molecule emitting or absorbing radiation is not stationary, but is 
This process results from the fact that an 
-24 - 
constantly in  motion. 
line of sight with velocity v, the frec, iency of i t s  transition will appear 
For the case of molecules moving along the 
shifted by an amount given by the well known Doppler formula (Barret t ,  
1958)  
(3.32) 
where v is the observed frequency and vo is the resonant frequency of 
the sb t ionary  rr.olccule. The velocity is assumed tu be given by the 
Ma\well'an velocity distribution 
where M is the mass  of the molecule. F o r  this case, the iLLensity 
distribution of emitted radiation is given by (Barrett ,  1958) 
which yields the line width as 
I 
(3 .33)  
(3.34) 
(3 .35)  
where h v  is the full width a t  half maximum intensity. The last 
important form of broadening is that of natural broadening by spontaneous 
emission which has already been described. 
Thus far the absorption and emission processes have been 
general a s  to the frequency range. The internal energy of a molecule 
is  normally charhcterized by three i ypes  of energy: 1) electronic, 
associated with the motion of electrons in various molecular orbits, 
with energy changes typical of visible radiation,'Z) vibrational, due to 
nuclear vibrations, with energy changes typical of infrared radiation, 
-25 - 
and 3 )  rotational, associated with the esld over end rotation of the ent’re 
molecule, with energy changes usually typical of microwave radiation. 
Thus, the absorption and emission spectrum can be conveniently broken 
into various frequency ranges: microwave, infrared, visible, and 
ultraviolet. 
vapor a r e  the microwave and infrared ranges, although visible 
frequencies a re ,  with the advent of high power l a se r s ,  becaming 
increasingly important. 
frequency ranges a r e  considered. 
The most  common ranges of interest  in  studying water 
F o r  this study only the microwave and infrared 
A problem a lso  to be considered is that in  the microwave range, 
pressure  broadening differs f rom that a t  infrared and optical frequencies 
because the broadening results mainly f rom non-adiabatic collisions 
(collisions which produce sufficient kinetic energy to make a transition 
from the ground state to an excited state as well a s  causing a change 
of phase of the oscillator). 
insufficient kinetic energy avzilable to make this transition and the 
collisions ai e adiabatic, the broadening being produced by a change i n  
pkase of the oscillator due to inter-molecular interactions during the 
collision, ra ther  than a change in energy of the oecillator (Townes 
At infra red and optical frequencies there is 
and Sthawlow, 1955). 
3.3 Raman Emission 
TI-e Raman effect  is the scattering of electromagnetic radiation 
by matter  with a change of frequency. 
Rayleigh scattering where no change in  frequency occurs. 
mechanism of R;l,nan emission can be explained using a classical  
approach, although there a r e  some detail- which must  be obtained 
using quantum mechanics. 
The process  is similar to 
The 
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For a n  incident electromagnetic wave of frectuency u , tiit. 
0 
induced dipole moment in a polar molecule may be written as 
(Anderson, 1y I 1)  
(3.36) 
where 
Q is  the molecular polarizability 
Eo is the amplitude of the electr ic  f ie ld  
The polarizability will vary with the configuration of the molecule, 
that is, be a fwct ion  of the vibrational o r  other motion of the nuclei, 
so that for a given normal  mode of freauency v m 
Q = Q t o 1  COS [ 2 r V  t t f l  
0 m (3.37) 
where P is an a rb i t ra ry  phase. 
Thus, the dipole moment can be written as 
The molecule can now be viewed as an oscillating dipole which 
radiates power a t  a ra te  given by 
4 4  2 
3 1;; I (Anderson, 1971) 
1bn V I =  
3c 
(3.39) 
In t e rms  of the preceding equation the expression becomes 
2 2  2 2 2  2 I =  3 a. Eo cos 2rr vot t a1 Eo COB [ 2 n ( v o  t vm)t t fl 
3c 
(3.40) 2 2  2 t Q~ Eo cos [ 2n(vo - v )t - B] + cross  te rms  m 
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Thus, it can be seen, since the c ros s  t e rms  can usually be 
neglected, that the intensity of scattered radiation contains a t e r m  of 
the same frequency a s  the incident wave and is of the same phase. 
Thus, there is coherent Rayleigh scattering present a t  a11 t imes.  
other two t e rms  show that there wiil be a s u m  and a differenc- 
frequency radiated with different amounts of phase. 
different for each scattering molecule so that the observed radiation 
which is the sum of that f rom all the scat ters  wi l l  be incoherent. 
The 
The phase w i l l  be 
This form of scattering provides a unique moleculzr signature,  
f b w e v e i ,  ic is the weakest of t 11 atmospheric radiation processes  
considered, having c ross  section near that of Kayleigh scat ter .  
0' 
0 1' 0 2' . - .  
As wab shown above, for an incident wave of frequency v 
Raman lines occur a t  a ser ies  of frequencies u f v v f v 
The lower frequencies a r e  called Stokes lines and the higher frequencies 
a r e  called anti-Stokes lines; 
weaker of the two. 
rotation-vibration spectrum of a molecule, howeve* selection rules 
differ f rom those operating in the infrared spectrum (where AJ * I ) .  
The Raman cross  sections vary widely for the individual atmospkeric 
The anti-Stokes lines a r e  normally the 
The frequency displacement is related to the 
components, however, they a r e  in general l e s s  than Rayleigh c ross  
sections. Thus, to obtain similar signal levels when using Raman 
scat ter ,  some of the range capability available when using Rayleigh 
scat ter  i s  traded off to compensate for  the smaller interaction 
parameters .  
is presently estimated to be about 2 .0  x I O m 3  of the Rayleigh scat ter  
c ros s  section and a s imilar  situation exists for 0 
The N2 vibrational (vibrational- rotational) c ros s  section 
2 "  
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As was mentioned, the classical  analysis does not yield all  the 
Ouantum theory explains why the answers about Raman scatter.  
anti-Stokes line is weaker. This i s  due to the fact that anti-Stokes 
lines a r i s e  only f rom excited molecules which are in a minority 
according to the Boltzmann distribution. 
The intensity of Raman lines after averaging over a l l  orientations 
of the molecule and where the molecule makes a transition f rom state 
m to state n (Derr,  e t  a l . ,  1970) is given by the following, 
(3.41) 
$2 lJ 
where p,  u a r e  independently x, y, or z. 
and 
(3.43) 
c = speed of light 
= incident plane polarized intensity of frequency vo 
IO 
r = an intermediate state 
- 
= transition moments of the dipole moment operator 
)I= 
pmr - 
There is also the procese of resonant Raman scat ter  in which 
by choosing the incident radiatiqn frequency close to  an allowed 
electronic transition of the molecule, a n  enhancement in the 
scattering cross  section occurs due to a resonance effect in the 
polarizability tensor. 
et a l . ,  1971) 
This enhancement is approximately (Kildal, 
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whe s e 
ai  = the pump frequency (incident frequency) 
w = the electronic trpnsition frequency 
AU = the line width of the electronic transition 
0 
3.4 Rayleigh and Mie Scattering 
In scattering, the characterist ics of the individual scattering 
elements and the statistical properties of the turbid medium greatly 
influence the intensity and geometric nature of the scattering. 
geometrical structure of the. medium is mainly characterized by two 
dimensionless parameters a/h' and 1 / h  where a is the average 
diameter of the particle, I is the distance between particles, and 
A is the wavelength of the incident radiation, The laws of scattering 
differ considerably for cases whena << X and when the particle size 
is comparable to or larger  than the wavelength (a - > h). 
The 
Wbwc 1 >> X,  the particles can be considered as independent 
radiators. 
will be no amplitude interference between the fields of individual 
particles, but only summation of scattered radiation intensities. 
The particle positions a r e  assumed to  be random, thus, there  
The most general scattering theory is that of Mie in which the 
particles a r e  considered to radiate a s  higher order multipoles 
(quadrupoles, etc, ). However, in the approximation when they can be 
treated as  radiating dipoles, the theory of Rayleigh holds quite well. 
The classical  electromagnetic theary of scattering was first 
developed by Lord Rayleigh and applies to the case where: 
- 3 0 -  
1. 
2. 
3 .  
The dimensions of the scattering particles a r e  much 
smaller than the wavelength (a <<  1). 
The refractive index of the particles differs only slightly 
from that of the medium. 
The particles scatter radiation independently of one another, 
this is only possible for L > A .  
Rayleigh scattering from the molecular atmosphere is important 
for it provides a methud by which atmospheric densities may be derived 
from radar  or lidar measurements. 
convenient, predictable background to which other scattering and 
absorption effects may be related. 
the absorption lines of the atmospheric constituents, the Rayleigh 
scattering cross  section C 
by (Collis, 1968)* 
In additicn it a lso provides a 
For wavelengths well separated from 
of an individual scattering center is given 
ray 
3 6 t 3 6  
6 - 76 (3 .45)  
where 
6 = depolarization factor due to the anisotropy of the 
atmosphere 
a = molecular polarizability of scat terer  
For the atmospheric gases, the factor 6 has a value near 
0.035, therefore the fraction 
6 t 36 -6 = 1.061 
* 
Note the angular dependence has been'integrated out. 
(3.46) 
-3 1- 
-30 The polaiizability is approximately 2 x 10 
-44 A - 4  C = 3 . 9 6  x 10 
ray 
3 m and thus 
i 3 .47 )  2 cm 
where X is expressed in centimeters for the microwave region (>. = 1 cm) 
-44 2 C = 3.96 x 10 c m  
ray 
while at  the ruby wavelength (A  = 0.694 p) 
2? 2 C = 1 . 7 1  x 10- c m  
ray 
(3.48) 
(3.49) 
The total Scattering coefficient of a pure gaseous atmosphere 
the scattering cross  section per molecule mult.plied by ray' K ~ ~ Y  is c S 
N, the number density of molecular scat terers .  
Thus 
This quantity K i a Y  is also called 
coefficient. When KZaY is multiplied by 
( 3 .  50) 
the Rayleigh attenuation 
the incident power density 
and the effective illuminated volume, the total power scattered in a l l  
directions from the incident radiation is obtained. 
scattering, it can be shown that 3/8 T per  steradian of this total wi l l  
be scattered back toward the source. Thus, the volume backscattering 
coefficient for Rayleigh scatter is 
For  pure Rayleigh 
(3.51) 
Conaider the following illustrative example. Let a trznsmitter 
be radiating power P 
isotropic). 
a t  a distance R1 (meters) of 
f rom an antenna of gain G (pgwer gain over T 
Thie wi l l  produce a power density (watts per square meter )  
- 3 2 -  
- PTG 
2 ~ w R  1 
(3. 52) 
Most bodies, particles, and molecules subtend z small  enougn Lngle 
a t  the transmitter to be considered point targets. If the point target 
scat ters  isotropically with an effective cross section Cs (square meters ) ,  
the scattered power density (flux) a t  a ra-ge R2 f rom the particle is 
- a s  S 
C 
- * -  
2 
PTG 
4T l2 
2 4vR I 
(3.53) 
The power P (watts) returned to the receiver,  intercepted by r 
an antenna of effective a r e a  A (square me te r s )  is (ignoring attenuation) 
PTGCsA 
- = S A  ’r - 1 6 ~  2 2  R ! R ~  (3.54) 
For  the case of an electron-agnetic wave with electric Lield intensity Eo 
incident upon a small  dielectric sphere of refractive index 11, the time 
averaged radiant flux of Raylo’gh scattering can be written as  
(Kondra tyev, 1 969 ) 
2 2  2 s = -  (n - 1) Eo - nc (1 t cos 0)  2 
16R2 NX4 
(3.55) 
where 
2 
ower radiated 
2 
- E o =  - ‘,rG - watts = P  -
m 2 2ri 4wR2 m 
S = the scattered energy per  unit time pe r  unit a r ea  perpendicular 
to the direction of scattered radiation a t  a dietance R from 
the scattering particle a t  a n  angle 8 with the incident 
radiation unpolarized 
c = the speed of light 
q = the (wave) impedance = 7 E -  of the m e d i - w  c 
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The Mie theory is  a covcprehensive Ireatment of the scatteri  g 
of a plane e!ectromagnet;.c wa=.e by a dielectric sphere. 
are  quite complicated invc,lving associated Legendre polynornials, 
Riccati-Bessel functions I and spherical B CY se i  iuncti Jns .  
many useful approximations exist  (Appendix C).  
used whenever the particulate mat ter  has dimensions of magnitude 
similar to the wavelength 01 the incident radiation, 
particles the elementary scattering cross  section C 
of twice the geGmetrica1 c ros s  sectio:l. 
Mie case does nqt resemble ;he symmetrical  dipole Fattern of 
Rayleigh scatter,  but can be quite i r regular  and complicat ,d due f.7 t>e 
higher order multipole terms. 
the r e s d t u  depend critically on the shapc sild size of the particle. 
Even a sphere has  a compl-x angular dependence. 
water drop1.et with a radiue of 10 
forward direction, decre;?sing by a facto? 
increasing slightly i n  the direction of 8 1~ 7. 
forwarc' scat ter  and direct  '-ackscatter are  the most favorable observing 
angles. 
frequency and phase of the incident radktion. However, in an 
ensemble of particles which a re  (normally) randomly distributed, there 
is  a loss  of caherence. 
?'he ex?ressiops 
Howel'er, 
Mie theory must  be 
F o r  large 
is of tI;e order  mi 3 
The scattering pattern i n  the 
In  addition to t h e  index of refraction, 
In the case of a 
- 3  
nun, the scat ter  is strcmgest in the 
t 3 = ~ / 2  arJ 
?'bus, ::.* this rdse. 
Mie scattering f rom a single particle does preser-Je the initial 
The polarization of the scattered radiation is a complex function 
ef the size parameter o = 27ra/X where a is the particle radius and X 
the inciderit wavelength, but the degree of polarization is generally 
smaller  than in Rayleigh scatter.  
1 
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The ratio of the backscattered intensity to the total scattered 
intensity is a highly variable function of the particle size to wavelength 
ratio and the dielectric characterist ics of the particle. Generally, 
M e  scattering is predominantly forward so that in an assemblage of 
particles of different s izes ,  K '  is often less  than one in the relation 
(3.56) 
where an approximation to XMie is piesented i n  Appendix C. 
S 
Since the effects of particle r ize  differences tend to average out 
i n  reasonable volumes, useful approximate values can he determined 
for K' and used i n  evaluating the return signal. 
a t  Stanford Research Institute (Collis, 1968) for water droplet distributions 
typical of uatural water clouds give an  average value of K = 0.625. 
Calculations performed 
Thus, f r c m  scattcring theory one can detect the presence of cloud 
and haze layers,  measure their height, shape, and in the absence of 
e-v-essive attenuation, their thickness. Figure 4 shows the difference 
beween i3::; and BE: for  a c lear  standard atmosphere. The magnitude 
of Mie scattering generally depends on the aerosol  concentration and, 
thus, Traries with changing atmospheric conditions in contrast to molecular 
Rayleigh scatte;.ing which remains fairly constant. 
The intensity of the backscatter for both types is given by 
R 
P e + B l B 0 A  
Pr = T exp ( -2  j' v(r)dr} 
88R2 3 
where 
Pr is the received power 
(3.57) 
P is the transmitted power T 
3 5 -  
Figure 4: Volume backscatter coefficients for a clear 
standard atmosphere (Collis, R .  T .  H . ,  1968) 
- 3 6 -  
c is the speed of light 
T is the pulse duratic b 
R is the range 
is the volume backscattering coefiicient a t  range R 180 
A is the effective receiver a p e r b x e  
a(r)  is the attenuation coefficient 
3.5 Refractive Index 
The bulk physical properties of the medium and of the  
scattering particles are characterized in  general by a compl =x 
refractive index 
m = n - i x  (3.58) 
where n is the real refractive index and x is directly proportional 
to the absorption coefficient. 
The physical meaning of this complex refractive index is 
as follows: A plane wave of angular frequency 
w -  2lrc ZTf = -A ( 3 . 5 9 )  
propagating along the z axis, must  have the form 
u = U, exp[i(wt - Kz)] (3.60j 
in order to satisfy Maxwell's equations for  time harmonic fields, 
where U is any of the field variables. 
written a s  K = K m where KO = - = * is the iree space wave 
number. 
The wave number K is then 
w 
0 C k 
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One may write 
CT = l?' exp[ i{d  - Ko(n - ix)z}] 
0 (3 .61)  
= Uo exp[- Koxzl  exp[i (w t - Konz)l 
F rom this it can be seen that i f  1 is not zero, there i s  a net atLenuation 
of the wave. 
square of the field strength 
Then since radiation intensity I is pA-oport'9nal to the 
I =  I -1;- KaZ)  (3.621 
0 
where Ka = 2 K & =  e, the coefficient of absorption. 
This complex refractive index means that the atmosphere is a 
lossy medium (absorption taking place) and can be described in  t e rms  
of a complex dielectric constant 
which will give r ise  to absorption which can be either non-resonant 
o r  resonant. In the case of non-resonant absorption, the real  psrt 
of the dielectric constant decreases monotonically a s  the frequency is 
increabed f rom zero to inf5aity. The classical  theory of non-resonant 
absorption is that of Debye. 
Debye (1929) considered the effect of an impressed electric 
field upon the dielectric constant of both non-polar and polar molecules; 
a polar molecuie being one with a strong permanent dipole moment. 
He derived the result that polarizability is composed of two effects: 
The f i r s t  due to the distortion of a l l  the molecules by the impressed 
field and the second arising from an orientation effect exerted upon 
polar molecules (Bean, 1962). 
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Thus, the polarization P(a) of a polar fluid under the influence 
of a high frequency radio wave is given by (Bean. 1962) 
4TN0 r 2 
P(u) = - - -  / Q  t k  ] (3.64) E- 1 A% r + 2  p - 3 L O  3 1 U ' 1 + i w r o  
where 
E 
MO 
P 
NO 
Q 
0 
P 
T 
k 
is the complex dielectric constant 
is the molecular weight 
is the density of the fluid 
is avogadro's number 
is the average polarizability of the molecules in 
the :iq-&d ass-m-ing no interaction between molecules 
is the permanent dipole moment 
is the absolute temperature 
is the Boltzmann's constant 
is the reiaxation time required for external field 
induced orientations of the molecules to return to 
random distribution after the field is removed 
is 2vv where v is the frequency of the external field 
F r o m  Debye's analysis one can conclude that for external 
fields with frequencies less than 100 GHz. khat O T ~  << 1 and thus 
% 4vNo 
P ( w )  = - 3 (3.65) 
For  non-polar gases p = 0 and 
4nN0 
P ( w )  = - 3 
Q 0 
(3.66) 
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For  gases the dielectric constant is found to be very close to one so 
that f + 2 = 3. Thus 
"No - 1 Mo Q 3 0 p(&) = E- - = E + 2  P 
and 
f - 1  = 47rN Q o o Mo 
F r o m  the perfect gas law 
one may write 
pi P E - 1  = 4 7 N o Q  - = K1 T 
o ROT 
Likewise for polar gases 
P B - 1  = K z ~  ( A + T )  
( 3 . 6 7 )  
(3 .68 )  
(3 .69 )  
( 3 . 7 0 )  
(3.71) 
where K 1 ,  K2, A, B a r e  cocstants. 
F o r  a mixture of gases Dalton's law of partial p re s su res  is 
assumed to hold with the result that one can s u m  the effects of polar 
and non-polar gases and thus 
j t 
For the tropnsphere, one need only consider the effects of dry air 
(non-polar gases) and water vapor !a polar gas) such that 
(3.72) 
(3.73) 
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where 
P is the pressure of dry air  
Pw is the pressure of water vapor. 
d 
Since the real refractive index is defined as  
n = . J ; - ,  
and since the above Equation (3.74) is real. Then 
Then one can write 
or 
2 which i s  true for i - 1 << 1 or  (n - 1 << 1). Thus 
K 2  pw B + 7 T W + T )  2 T  
K1 pd n - 1  = 
(3.74) 
(3.75) 
(3.76) 
(3.77) 
(3 .78 )  
Since in the atmosphere n is very close to one, it is common to define 
a more sensitive pazameter, N. 
N, the refractivity, is defined as 
( 3 . 7 9 )  - 6 N = (n - 1) x 10 
and one then has the general expression for  refractivity of the 
atmosphere (Bean, 1962) 
( 3 . 8 0 )  
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This is an accurate expression since the influence of other 
gases, mainly carbon dioxide, cause l e s s  than a 0.02 percent error. 
Assuming normal atmospheric parameters,  the above equation is 
considered valid for  frequencies up to 30 GHz. 
the bulk atmospheric parameters to the microscopic properties of 
the atmosphere wnich for  large numbers of particles make up the 
macroscopic dielectric properties of the atmosphere. 
The equation relates 
It can also be written in the form (Lusignan, e t  al.,  1969) 
N 223 Pa t 334 Pw t 
6 1 . 7 4 ~  10 pw/T (3.81) 
where the density of dry air p 
expressed in K /m3 and the temperature T in degrees Kelvin. 
g 
3.6 Reflection 
and water vapor density p a r e  a W 
This process is a wave interaction with the fluctuations of 
refractive index. F o r  a discon.tinuity i n  the refractive index of air, the 
coherent scatter which arises can be approximated with a reflection 
coefficient. This process generally occurs when I < <  A .  
attenuation a r i s e s  mainly from aerosols sintc: in geqeral, they have a 
higher index of refraction than air, making a sharper discontinuity. 
This reflection mechanism may be found in a region of temperature 
inversion where an enhanced aerosol concentration m a y  exist. The 
layer of air containing the aerosols wil l  then serve a s  a coherent 
scattering (reflecting) mechanism or' incident electromagnetic energy 
due to the discontinuity (Hajovsky, et  al., 1965). This process is 
dependent on the bulk atmospheric parameters of density, temperature, 
and humidity which determine the refractive index, and is much l e s s  
frequency dependent than the processes  of absorption and emission. 
This form of 
-42  - 
The theoretical signal level of a radar  echo received due to 
reflection from a layer of infinite extent i s  given by Hajovvky and 
Lagrone (1966) a s  
2 2  2 
2 2  
pTc x r 
- 
64n R 'R - 
(3.82) 
where 
PR = 
PT = power radiated 
signal level of radar echo 
G = gain of the antenna above a n  isotropic radiator 
A = wavelength of radiated energy 
ri! = power reflection coefficient of layer 
R = range 
2 The power reflection coefficient r is given by (Hajovsky, 
e t  al., 1966) 
Az 8n 1' x 10-l2 (3.83) 
fo r  a plane layer with refractive index gradient, AN/Az, and vertical 
incidence. 
The expression for a l inear refractive Ende* gradient is  
& =  1.5(v2) nf - 1  p 
AZ 
where 
C = (mass) density of the aerosols a i r  mixture in 
3 micrograms pe r  cubic centimeter (pg/cm ) 
(3.84) 
p = density of the suspended particle mater ia l  in 
3 grams pe r  cubic centimeter (g / cm ) 
-43 - 
n1 = refractive index of the aerosols (Hajovsky and 
Lagrone, 1966) 
This formulation for AN holds only for  aerosols of diameter 
much less  than the wavelength of incident radiation, where the 
refractive index of a i r  is unity, and no interaction between suspended 
particles occur. 
The reflection coefficient may also be expressed f r o m  Fresne l ' s  
formulas. F o r  normal incidence the fraction of incident flux which i s  
reflected il.- a given direction f rom the interface between hvo media i s  
defined a s  (Jenkins and White, 1957) 
(3. 85) 
where m is the complex refractive index (m = n - ix). 
CHAPTER I V  
MICROWAVE ABSORPTION 
4 . 1  General 
The absorption of microwave energy from a radio wave by 
atmospheric gases is due to the transition f rom one molecular rotation 
energy level to another caused by the electromagnetic wave. F o r  this 
process  to occur with radiation of a particular wavelength, the molecule 
o r  atom must have an appreciable absorption c ros s  section a t  that 
wavelength, and the process  must  have a high probability compared to 
the other processes  that a r e  a lso energetically possible. 
There a r e  two cr i t ical  parameters  involved in each energy level 
The tii*st is *e frequency associated with the transition transition. 
energy. 
levels o r  f rom direct  measurement. However, the energy differences 
a r e  very small  for  absorption lines in the microwave spectrum. 
e r r o r  involved in taking the difference of two nearly equal values is 
large. Thus, for this reason direct  measurement of resonant 
frequency is preferable when possible (Straiton, e t  a?. , 1900). 
This may be determined f rom a knowledge of the energy 
The 
The second cr i t ical  number is the line width constant associated 
with the frequency spread of the absorption line. 
determined by direct  measurement for the most  reliable results 
(Straiton, e t  al., 1960). Uncertainty a s  to the value of Aw (the line 
width constant) has  been a major stumbling block i n  the theoretical 
calculation of absorption. 
This value should be 
Some of the atmospheric gases giving r ise  to (microwave and 
infrared) emission and absorption arG: 02, H20,  03, CO, SO2, N20, 
CH4, and NO2 ( see  Figure 5 ) ,  however, the effects of almost a l l  of 
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Figure S: Rotational frequencies and absorption coefficients 
of atmospheric gases between 10 GHz and 100 GHz 
(Ghosh, S, N.  and Edwards, H.  D . ,  1756) 
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theEd gases a r e  normally negligible due tc their low concent-:ation. 
Molecular absorption i n  the centimeter and m i l l i i e t e r  wavelength 
bands is primarily due to absorption by oxygen and water vapor ( see  
Figures 6 and 7). 
electric and nAdg. etic dipole moments respectively, which when 
excited by an electromagnetic wave, oscillate and rotate with many 
degrses  of freedom, each associated with a quantized enerey level 
hu. 
wave and a r e  raised to higher energy levels. 
level, they reradiate energy isotropically, and therzfore,  the net 
result  is an attenuation of the incident wave. 
r e s  onant absorption. 
Water vapor and oxygen molecules have permanent 
Thus, the molecules absorb discrete amounts of energy from the 
In  returning to  a lower 
This process  is called 
Water vapor has resonances a t  frequenci3s of about 22 GHz 
( A  = I .  35 mtx) and 183 GHz ( A  = 1.64 mnl) ( see  Figures  6 and 7; .  
has 25 clcsely spaced resonances occurring i n  the region of 60 GHz 
( A  = O .  5 cm). However, because of pressure  broadening, the wings 
o t  the individual lines overlap to form a continuous region of absorption 
a t  elevations near sea level (Altshulter, e t  a l . ,  1968). 
Ox) gen 
Oxygen absorption dominates over that of water vapor except 
in  the immediate wavelength region of the water vapor line, even 
though the absorption coefficieqts of the two gases a r e  of the eame 
order  of magnitude. 
ratio of oxygen to water vapor i r l  the atmosphere, 
This occurs a s  a consequence of the large density 
The shapes and intensities of the water vapor resonances a r e  
dependent upon atmospheric teinperature, p ressure ,  and the par t ia l  
p ressure  of water vapor, whereas the shapes of the oxygen reeonance 
lines a r e  a function only of atmospheric temperature and pressure  since 
47 
F i g m e  6: TW!aB attenuation one way transmission through the 
ktmcsphere (Mcyer ,  J, W, , 1966); reprinted by 
permission of the lnatitute of Electrical and 
Electronic Enginetrs Inc. ) 
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Figure ? : Attenuation per ki ¶ ometer for horizontal propagation 
(Meyer, J. W . ,  1966; repr:tl.Pc by permission of the 
Institute of Electrick: and Electronic Engineers, Inc. ) 
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the concentration of oxygen is known (Altshulter, et a l . ,  1968). 
Absorption (a t  15 - 35 GHz) on c lear  summer days i s  caused principally 
Sy water vapor, while i n  winter days depending on the latitude, the 
water vapor content i s  so low that oxygen absorption becomes predominant 
(Altshulter, e t  a l . ,  1?6R!, Half of the absorption ty water vapor and 
oxygen from the surl'ace up to the Ttratosphere tzkes place i n  the f i r s t  
3.2 km which cDmprises 32  percent of the atmospheric mass.  Thisi is 
due to the pressure  broadening cjf the complex of oxygen lines nedr 
5 mm. 
above 17 k m  (Shimabukuro, 1946). 
Less than one percent of the absorption is due to the atmosphere 
In the porti3ns of the microwave spectrum far  Temoved f rom a 
water vapor absorption line, the attenuation is pr imari ly  controlled by 
the wings of the submiliimeter (far infrared)lines of O2 and H20. The 
effect on an absorption line can be seen in Fig-re 8. 
range 50 to 130 GHz, the f i r s t  12 lines (line numbers in  the order  of 
increasing frequency) make a small contribution to the total absorption 
and the line numbers 21 through 7 6  make approximately the same 
contribution as the first 20 lines. 
In the frequency 
This s e t  of curves is based on the 
-1 assumption that the line widE.. ccnstant i s  0. 1 c m  
lines (see Figure 9). I t  is ncw believed that the line width will vary 
from l i r e  to line, thus :he curves mbst l ikely ~ i 1 . l  incrcase more  rapidly 
with frequency than is shown. 
( i 9 6 4 )  point out that there is considerable theoretical and experimental 
evidence that the line width for  the various water vapor lines is 
different depending on :he rotational states involved. With the imposing 
a r r ay  of lines b-hich influence mill imeter absorphon, the general effect 
would be that of having a greater  increase in absorption with frequency a s  
the shorter millimeter wavelengths a r e  approached. 
(3  GHz) for all the 
This i s  so since Benedict and Kaplan 
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3 Figure 8: Calculated water vapor absorption for 7 . 5  g/m 
with Av!c = 0 . 1  (Straiton, A. W. et al, 1960; 
reprinted by permission 7f the Institute of Electrical 
and Electronic Engineers, Inc. ) 
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Figure 9: Measured atmospheric absorption spectra 
(Welch, 1968) 
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Molecular absorption has been analyzcd by many theoris:s. 
The form presented by Van Vleck (1947) using the Van Vleck-Weisskopf 
(1945) equation has accounted most closely for  observed absorption 
data. Quantitative prediction ~f the lines has been less  successful. 
Most attempts to adapt the Van Vleck-Weisskopf equation to observed 
absorptlon measurements U L ) ~  a aingie line broadening constant 
throughout the absorption spectrum of oxygen and another for  water 
vapor in spite of experimental and theoretical evidence to the contrary 
bccause of ckz scarcity of informaticn about LIZ =act parameters  to 
us .. 
effect of collisions between molecules. 
broadening is the dominant process determining the width of spectral  
lines in the range of pressures  that occur f rom the surface of the 
ear th  to the upper stratosphere. 
calculated a t  any frequency that does not coincide with a strong absorption 
maximum is influenced appreclably by the wings of many lines and can 
vary widely depending on the broadening assumed for  eac5 of them. 
The Van Vleck-Weisskopf equation considers the broadening 
P res su re  or  collision 
Under these conditions, the abeorption 
The major assumption made by Van Vleck and Weisskopf was 
in  the collision process where they assumed that after the instantaneous 
impact, the oscillator variables 2re  distributed according to a 
Boltzmann distribution. 
per  unit distance given the pressure,  temperature, and water vapor 
content of a sample of the atmosphere. However, uncertainties st i l l  
exist in  the absorption line widths which a r e  temperature and preszurs  
dependent, and thus, limit the accuracy of the computed absorption. 
At pressures  found in the lower atmosphere, the Lorentz (pressure)  
line widths a r e  of the same order of magnitude a s  their separation. 
The Van Vleck formulas give the absorption 
-53 - 
The general quantum mechanical formula for  the absorption 
for microwaves of frequency u is (Van Vleck, 1947) coefficient K 
3 
where p.. is the matrix element of the dipole moment connecting two 
1J 
discrete statzs  i, j which have energy E E. respectively. i' 3 
u . .  is the frequency of the corresponding spectral  line 
13 
N is the number of molecules per  cubic centimeter 
v is the frequency of the incident radiation 
6 The factor 10 a 
and the factor f(ui j ,  u )  is the form factor which determines the shape 
of the absorption line and is given by 
(loglOe) converts K into units of decibels pe r  kilometer, 
(4.2) 
L r  -+ Av 
(v i j  + u)' t Au 2 
f (u . . ,  v )  = - *J T U  
Au is the line width and is proportional to the number of collisions per  
unit time. In order  to calculate Au Gieoretirally, the collision c ross  
section must  be known. 
F r o m  the fact that 
hu.. = Ei - Ej  = -hU.. 
'J 3' (4.3) 
we have 
f (u . . ,  u )  = - f ( v . . ,  u )  
1J J1 
(4.4) 
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The absorption due to a single line i n  the mill imeter o r  submillimeter 
regions may then be written as 
where 
Kij = abscrption a t  frequency w due to an abs0rpt .m line a 
centered a t  v. .  in dB/km -E./KT 1 3  
G = C e J , the rotational partition function 
j 
h, k, c = Planck’s constant, Boltzmann’s constant, speed of 
light 
Then the factoi. 
m a y  be expanded as 
Then for microwave frequencies 
hv.. << k T  
V 
o r  
hw.. 
1 - exp(- h v  ,/kV = 2 j: kT 
(4.8) 
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(4.3) 
2 
exp(- Ei/kll IF. I f(w, wij )  
Thz factor w w .  r'( w ,  w .  .) may be defined a s  
'J 
I j  1J 
(4.10) 
Then the modified Van Vleck-Weisskopf line shape is given by 
where 
w..!Av 1: v = v. I j  
(4.12) 
- 2  
'J ij (2  Aw/v?.)v v >> v I 
Gross (1955) derived a kinetic thecry line shape factor assuming 
that a f te r  impact, the oscillators have a Maxwellian distribution of 
velocities, but that their positions a r e  unchanged. This line shape 
formula takes the same form as the Van Vleck-Weisskopf formula a t  
resonance, but seems to provide better agreement with measurements 
in the high frequency wing. 
The Gross modified line shape is 
3 4Aw 
13 
2 2  F(v, w . . )  = v w . .  13 ( w z .  - w ' ) ~  t 4w Av (4.13) 
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where 
w = w .  w = w. 2 v .  .lAw 
'J I j  lj 
IJ w .  4Aw/[ v t 4v (Aw) ] w>> v . .  4 1J 
v.. >> w w. >> v b3 4Awiw. 3 
(4. 14) 3 4 2 2  
1j 1J lj 
A third line shape proposed by Schulze-Tolbert (1963) is 
0.65 2 ( A v )  
1.65 F(w, wij) = w I... - w I  1*65 t (Aw) 
'J 
(4. 15) 
wheze 
.v = w. 
Ij 
2 
'J 
v. . lAv 
2 1.65 0.65 
( V  l v  ) ( A 4  
(4. 16) 
w = >> v..  
'J 
0.65 = w  0*35 (Aw) 
w . .  >> v 2 1.65 0.65 ( w  / w . .  ) (Aw) =I 1J 1J 
4 . 2  Water Vapor Absorption 
Barre t t  and Chung (1962) refined the expression of Van Vleck 
on t h r  basis Df the experimental findings of Beckar and Autler (1946) 
a d  t!x thecratical calculations of Benedict and Kaplan (1959). Bar re t t  
and Chung jive the pressure  and temperature dependence of the water 
vapor line widths as 
(4. 17) 
where x was calculated by Benedict and Kaplan (1964) for H20 - H20 
collisions to be 0.614. Calculations by Benedict and Kaplan (1959) for  
-57 - 
for the case of H 2 0  - N2 broadening resulted in  XN 
temperature range of 220 to 300°K. 
of Avo = 0.09019 ern-' (2 .704  GHz) a t  T = 300°K. Benedict and Kaplan 
= 0.626 for  the 
2 
These calculations indicate a value 
(1964) also found that Xo i s  approximately cqual to X . Thesc 
2 N2 
considerations indicate then, that the temperature and p res su re  
dependence of the water vapor line widths in air may be represented a s  
(We stwate r, 1965 
-X 
PH20 (T  -xH20 t B02P02 T *2 
(4. 18) 0 
P AvH20 P 0 
B 
N 2 p N 2  (7) T 
+ P  0 
where Pm is the par t ia l  p ressure  of the mth molecular species and 
Bm 
H 0 - H 0 collisions in  producing water vapor broadening. 
reference temperature is given by To and P = P 
represents the relative effectiveness of the mth constituent over 
The 
2 2 
t P is H , O t  N, 
approximately the total p re s su re  of the air. 
The expression used by Chung and Barre t t  r'or Ka, the absorption 
coefficient at a frequency vo = 22.235 GHz i s  
3 Av 2 t K =- 8T2N 1 '  v2 exp(- Av a 3ckTG 1p1e35  ( v  - vo)2 t Av2 ( w  t vo)2 t Av 
(4. 19! 2 2  E. 1 6 ~  N v  P v  
v.. 3hc G 
13 i-0 j = O  
where 
E 
C = f 2 [ 2  - ( 2 5  t 1 )  exp(--&) 
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i s  the energy involved i n  the transition ( J  : 5 - 1 - 
6 - 5)  and has  the energy equivalent value of 446.39 
cm- '  (Dennison, 1940) and 
is the square of the dipole moment determinant for 
the above transition and has a value of 5.6 x 
(King, et a!. , 1947). 
E5, -1 
lPl. 3 5 l  
esu 
The f i r s t  t e rm is a single resonant t e rm representing the water 
vapor line a t  1. 35 cm (22.235 GHz), the second t e rm represents the 
absorption in the wings of all lines below 1.35 cm. 
the fact that Y 
used to write 
In the second term, 
<< v.. fo r  all lines cther than the 1.35 c m  line has been 
'3 
3 
f ( V i j ,  v)  cI, 2V(Au)/.rrV. 
I j  
'Then using Van Vlecks (1947) expression for  G 
3 /2  G = 0.034 T 
they arr ived at 
(4.20) 
(4.21) 
2 -28 NV Ka(l.35 cm) = 1.05 x 10 
v - t Av' 
(4.22) 
- 1  2 -52 N V  AV ] t 1.52 x 10 7cm A v  t ( v  -+ yo)' + AV 
It should be pointed out that the equation that appears  in Barre t t  
and Chung's paper has two misprints; the above expression has been 
corrected. 
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The l i n e  width constant was obtained from Becker artd Autler's 
(1946) data by Barre t t  and Chung as 
9 (P/760)(1 + . OO46p) HZ 
25 Av = 2.62 x 10 (T/318)" 
( 4 . 2 3 )  
where 
P is the total p ressure  in m m  Hg 
p is the density of H20 in g/m 3 
0 and T i s  normalized to 318 K since Becker and Autler's measurements 
were  m-de a t  this temperature. 
One problem inherent in this formulation is that the nonresonant 
te rm was derived under the assumption that the half-width Av was the 
same for all  lines. However, i t  is now reccgnized that the absorption a t  
frequencies f a r  removed f rom the resonance line exceede the theoretical 
predictions. 
by a factor of S to match Becker and Autler 's  measurements. 
Thus, Bar re t t  arid Chung increased the nonresonant t e rm 
Croom (1965) used the Barre t t  and Chung coefficient for a n  
indepth study of watc 
fashion obLained an absorption coefficient for the 1.64 mm line. 
equation is: 
..ayor abscrption a t  22.235 GHz bnd in a similar 
This 
2 -200 Nv e- - 29 T .  
,512 
K a ( l .  64 mm) = 6 . 4 6  x 10 
(4.24) 
-1  2 -52 N V  AV ~m 
I 
-p- t 1 . 8 ~  101 AV t Av i v  - v0)' t Av 2 ( v  t yo)' t Av2 
where Av is the Sam? a s  Equation (4-23). 
Fol L1.c a?ove expressicn, the f i r s t  t e rm is due to the resonant 
effect and the second t e rm represents an approximation to the effects 
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of the wings of the 13.5 mm line and the numerous sub-millimeter 
H 0 lines in the vicinity of 1.64 mm. 
4.3 Oxygen Absorption 
2 
The absorption of microwaves is  ?!so caused by 25 oxygen 
lines at  about 60 GHz (5  mm) and a single line a t  118.75 GHz ( 2 .  1,3 mm).  
Under sea level conditions, p ressure  broadening of the lines near 
5 mm results in their merging together to form one line, however, 
observations from about 30 km should enable them to be resolved. 
oxygen absorption coefficient obtained f mm Van Vleck's formula is 
The 
(4. ? 3 )  
(4.26) 
where 
f (u .  .) v) = 
11 
F ( v )  = 
- 2 
n p t -  
- 2 
n 
I J . - -  
2 
IJ.no 
] (4.27) 13 K V . . [ ( v . .  - v ) ~  + Au 2 ( u . .  t u )  t A v  Au 2 2 - t  U A v  
1J 'J 
(4.28) 2 u A v  
Lim 
2 1J 1J 1J , ( v 2  + A v  ) 
v . .  - 0 [ v . .  f (v. . ,  V I  = 
*2 n(2n t 3 )  
n t  1 
8p2 (n2 t n t 1) (2n t 2 
n(n t 1) 
(4.29) 
(4.30) 
(4.3 1) 
and P =  
he 
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The selection :-ides for the fine s t ructure  transitions permit 
t ransi i ims of the form ( J :  n)  -. (J = n t 1)  and ( J :  n )  -. !.! = n 1) .  
The corresponding freqtiencies for  these transitions a re  v + andv - . 
n n 
Meeks and Lillzy (1963) modified the expression to the following: 
-E 
P, T )  = C (4. 32) 
n odd T3 
where 
2 2 sn = = + l P  ( _ I  + = - l P  - !  + FoIPnu l  
n n n n  
-- A v  
2 2 + 
L 
( v  ,- t v )  4 A v  2 
F *= 
* 
n ( v  ~ - v12 t A V  
n n 
A v  
v2 t A v  2 
F =  
2 n(2nt 3 '  
n +1' n 
u 2 .  
t 
2 - In f 1)(2n - 1) 
n t.l _ -  n 
2 
h o  - n(n t 1) 
2 - 2(n t n t 1)(2n t 1) - 
The e. ponent in the Boltzmann factor is 
( 4 , 3 3 1  n(n t 1) T 
E 
-n : 2.06844 kT 
and C1 = 2.6741. for  K i n  decibels/km. a 
Meeke and Lilley (1963) formed an empirical exprescion for  A v  
300." Av(P, T)  = a2P[ 0.21 + 0.78 p2]  (- (4.34) 
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where Q' - 1.95 (M€iz/sec)(mm of Hg)-', p 
of mm of Hg. 
= 0.75, and P is i n  units 2 -  2 
This empirical  expression for  the collision line width parameter  
can also be written a s  
(4.35) 
where P 
Hg), T 
temperature dependence. 
is the standard pressure  a t  thc surface of the ear th  (760 m m  
0 
is a rcfcrence temperature (300'K) and K' indicates the 
0 
The altitude factor g(h) is 
as can be seen, Meeks aild Lilley (1963) used values of gl  = 0.60 GHz, 
s2 = 1.17 GHz, hl  = P km, h2 = 25 km, and K' = b. 85. 
At altitudeF, above 50 km,Doppler broadenhg oi the absorption 
lines becomes comparhble to ccllisional broadening and must  be  
considered. 
the Doppler line width is 
The expreesion f rom Townes and Schawlow (1955) for  
(4.37) = 1.15 x I O  -6 V ( ~ / ~ o ) o - 5  G H ~  
The shape of the Doppler broadened line is different f rom the 
collision broadened line. However fQr simplicity, i t  can be assumed 
that both shapes a r e  defined by the equation for the collision broadelled 
line and the resulting line width a t  leer 
(Meeks and Lilley, 1963). 
D *p to 60 k m  is .Av  t Av 
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For oxygen absorption, the nonresonant absorption coefficient, 
O.Oc76.i dB/km, must be added io the resonant term to obtain the total 
attenuation coefficient. 
absorption at 10 GHz. 
This term accounts for almost all of the oxygen 
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CHAPTER V 
INFRA RED ABSORPTION 
5.1 General -- 
The principal constituents of the atmosphere a r e  nearly 
transparent in tne visible and infrared, but the minor atmosphere 
constituents COz, H20, and 0 
infrared, and therefore, according to Kirchoff's law, also emit infrared 
radiation from those bands. 
have strong absorption bands in the 3 
In the infrared region C02 bands exist a t  1.4 p, 1.6 p, 2.0 p, 
2.7 p, 4.3 p, 4.8 p, 5.2 p, and 15.0 p. 
regions of water vapor absorption in  the near infrared beyond 0.9 p. 
These a r e  due to rotation-vibration ban& near 0.94, 1.1, 1.38, 1.57, 
2.7, 3.2, and 6.3 p. Although each of these regions is sometimes 
referred to as a band, more than one rotation vibration band may be 
present in each region. F o r  example, the 2.7 p band of water vapor 
actually consists of the close lying fundamentals v and v (Howard, 1 3 
et al., 1956). Other bands a r e  due to methane a t  7.65 pm and N20 
a t  7.78 pm. 
There are seven principal 
The absorption (or  emission) in  the far infrared (50-1000 p m )  
occurs because of rotational transitions of the molecules while the 
higher energy absorption bands in the infrared region of 1 to 20 p m  
occur because the molecules a r e  vibrating, a s  well a s  rotating. 
In a gaseous medium a typical infrared absorption band is 
composed of numerous closely spaced narrow absorption lines due to 
the combined vibrational and rotational energy levels of the absorbing 
molecules. This leads to the absorption coefficient changing rapidly 
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with wavelength, and thus, the  averaged transmittance over a wavelength 
interval containing several  individual !Snes may not vary e;.pcnentially 
with the quantity of absorber.  However, i t  is possible to obtain a 
ftanqmi ?;sinn fnnrfinn w h i r h  relates the average trzr_srr-itkr,cz c-.-2= 
small waveiength interval to an averaged absorption coefficient and the 
quantity of absorber. These transmission functions ha-de been derived 
by Elsasser  (19383 for an array of lines whose intensity p-nd spacing 
var ies  slowly with wavelength and by Goody (1952) for an a r r a y  of lines 
with statistically random spacing and a uniform o r  exponential intensity 
distribution. Carbon dioxide absorption has 2 line s t ructure  which can 
be represented by t h e  E l sa s se r  model while water vapor and ozone are 
best  represented by the Goody model. 
5 . 2  The Elsasser  Model of an Absorption Band 
E l sas se r  (1938) considered the case of an idealized absorption 
baEd consisting of an infinite a r r a y  of equally intense, equidistant 
lines, each w i t h  a Lorentz shape given by (Howard, e t  al., 1'256) 
Av 0 S - Ka - - T 2 
( v  - v0)' + AV 
wherc the h3lf width, Au, and average intensity, So, a r e  considered 
constant for each line. Because the pattern is periodir Vrequency 
(for equidistant l ines) the fractional absorption in  anv Feri td  i s  the 
same a s  the fractional absorption for  the entire band. If the line 
centers of tl- individual iines a r e  located a t  v = 0, M, *2d, . . . and 
each lice has the Lorentz sha;.,~, then the absorption coefficient will 
be given by (Howard, et  ai . ,  1956j 
Q) - 
Av 
( V  - n d )  2 t Av 2 
n= -Q) 
( 5 . 2 )  
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which can be expressed a s  
0 sinh p S 
d c o s h p  - CGS x Ka = K(x) = - (5.3) 
2lTA V ?-.. r l l v using the Mittag-Leffler theorem where x =  a n d p = d .  If 
one assumes +hat the incident intensity is constant throughout the 
spectrum, th: fractional absorption for  the entire band becomes 
(Howard, et al. , 1956) 
d 
* 
where W is the absorber concentration in atmos em. 
Av,  a t  any frequency in the vicinity of an absorption line can be 
expressed 5.- 
The absorption, 
(5.5) 
where Iy is the intensity of the rad-ation of frequency v transmitted by 
a sample having absorber concentration W, Io is the intensity of the 
incident radiation of frequency v and is assumed to be constant for  all 
frequencies in the vicinity of the absorptton line and Ka is the 
absorption coefficient at  frequency u. 
When the lines a r e  f a r  apar t  compared to their half width 
(d >> Au o r  f3 is small)  one can write 
Ka = K(x) = 2 26 sin (x/2) 
( 5 . 6 )  
lk An ahnos c m  is the path length in c m  which would contain the 
same number of molecules if the gas were at STP. 
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and integrate to obtain (Appendix D) 
( R S ~  A v W ) ' 1 2  
d A = erf 
where 
Y 
The fractional absorption of the band can best 
1 /2  1W 
2 A = erf (-1 
where 
21rA vSo 
d2 
1 =  
(5.7) 
be represented by 
(5.8) 
(3.9) 
and is a generalized absorption coefficient for the band. 
The restrictions of the idealized band a r e  relaxed and the 
fractional absorption A is considered to be the absorption a t  the center 
of an interval v1 to v 
equal intensity. 
containing several  lines that a r e  of approximately 2 
If one assumes that there is no contribution to the 
absorption a t  the cetiter of this interval from lines outside the interval, 
the expression can be written (Howard, et  al.,  1956) 
(5.10) 
where 1 ( v l ,  v2)  is the generalized absorption coefficient defined 
above and depeiidr on the average line spacing d ( v  
line strength So(vl, v ) in the interval. 
l ( v l ,  v2)  can be determined empirically over the band and is considered 
to be a function of v, varying slowly over the band, the rapid 
v 2 )  and the average 1' 
The applicable quantity z 
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variation of the pr imary absorption coefficient K 
been obliterated (Iioward e t .a l . ,  1956). 
c. 3 
f rom line to line having 
a 
The Goody Model of an Absorption Band 
In 1950, Cowling (1950) took data on the line positions and relative 
irrtensitiee f3r the pure-rotational absorption lines oi water vapor f rom 
Randall, Dennison, Ginsberg, and Weber (1937). He then assumed the 
Lorentz line shape for the individual lines and computed the absorption 
as a function of absorber  concentration for  six wavelength regions 
(Howard e t  al., 1956). 
These absorption curves were so similar however that Cowling 
was led to  the conclusion that in atmospheric work complication is 
avoided and small e r r o r  is involved if a single absorption curve is ased 
a t  all waveleqgths (Howard et al., 1956). 
This led Goody (1952) to  conclude f rom inspection of the diagrams 
of Randall et al. that the only common feature of these ranges is a nearly 
random distribution of line intensities and positions (Poward et al., 1956). 
Goody then postulated the so-called statist ical  o r  random model 
for  a disordered band and showed that this model fits quite we l l  the 
ear l ie r  computations of Cowling. He considered the fractional t rans-  
mission at the center of an interval of frequencies n 6 wide. where n is 
the number of lines in the interval; and 6 is the mean line spacing. The 
interval is eonsidered sufficiently wide so that there  is no absorption 
a t  its center due to  lines outside of the interval. 
a l l  arrangements of line poaitions are equally probable, that is, ;hz 
It is postulated that 
line spacings a r e  random anu it is further postulated that there is no 
correlation between line positions and line strengths. The line strengths 
a r e  assumed to be given hv the following function (Howard e t  al., 1456)  
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( 5 . 1 1 )  
where P(S )dSo is the probability that a given line has a strength in  the 
range S to S t dS ar.d cr is the mean line strength in the interval. The 
ir-dividl;ai iines of “Le band a e assumed to have the Lorentz shape 
(Howard et al., 19561, 
0 
0 0 0 
With these assumptions about the nature of the disordered band, 
one can show that the transmission (at the center of the interval con- 
sidered, when the radiation t raverses  the concentration, W ,  of absorbing 
gas  along the transmission path (W)j(Howard e t  al. 1956) is given by 
1 -WUAV r 2 WrAv 1 /2  I & ( A v  +- ) L TI T(Av, W u )  = exp (5.12) 
Thus the fractional transmission i-, sucn an interval of an absorption 
band depends on the mean line spacing, the mean line strength, and the 
half width as well as on the optical thickness of the absorber.  This 
random n o d e l  can be applied to the near  d r a r e d  absorption bands of 
H20.  The half width Av is assumed to be the same for  all of the H20 
individuai absorption lines aithcugh it depends on pressure  and tempera- 
tiire, a lso the average line spacing is assumed to be the same for all of 
the H 0 bands, 
given frequency is considered to  depend on the mean line strength u in 
Then for a fixed value of W,  the transmission a t  a 2 
the neighborhood of this frequency. The mean line strength is thought 
to be a slowly varying function of frequency over the band and can be 
specified in te rms  of W 
of 1 / 2  a t  a given frequency). 
.iodel, the rapid variation over each individual line of the pr imary 
(the value of W necessary to  yield a transmission 
0 
Thus in the Goody model as  in the E l sas se r  
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absorption coefficient K has been obliterated. The combination of the 
two functions T(Av, W u )  and u(u) then describes the transmission process  
for this particular band (Howard e t  a l . ,  1956). 
Plass (1958, 1960) that under conditions when absorption a t  the line 
centers is virtually complete, W and pressure  P enter into transmission 
functions only as a product. 
the strong l ine approximation. 
wavelengths, including the line centers ,  the transniictance is independent 
of pressure  and depends only on the absorber  concentration. 
the weak line approximation. 
a 
It has been shown by 
The transmission function is termed then 
When the absorption is small at all 
This is 
Beyond a band head where there  a r e  no line centers,  there may 
nevertheless be absorption f rom the wings of strong lines near  the 
middle of the band. 
than one absorber  are present,  the combined transmittance is taken as 
the product of the transmittances calculated for the separate absorbers ,  
provided that there  is nr, correlation between the separate  a r r a y s  of 
lines. 
Also in spectral  regions where lines f rom more  
The weak line approximation is given as (Bradford et al., 1964) 
-s w 
= exp  d 
0 - PY T = e  
s w  
and Y = - 2 ~ r  Av0 2aAv where P =  -d 
(5 .13 )  
The strong l ine approximation is given a s  (Bradford et. aP., 1964) 
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1 )  For the Elsasser  modal 
2) For the Goody model 
1 / 2  
T = 1 - erf (f>) (5.14) 
T = exp [ p2y 1'2] (5.15) 
The wing function for the Lorentz line shape is 
2 (5. 16) 
CHAPTER VI 
METHODS O F  DETECTION 
6 , l  General 
The techniques of microwave spectroscopy and radio astronomy 
offer a Dotentially valuable method for studying water vapor in the upper 
atmosphere. 
be adopted for water vapor detection a s  active and passive. The passive 
method involves only a receiver which can monitor the thermal emission 
(spectra) of the water vapor molecules, or measure the attenuation of 
an external source (usually the sun) by atmospheric water vapor. 
active method is similar to radar ,  in which a transmitter-receiver 
system is used to excite a region and then monitor the return. In this 
method, the incident radiation may be characterized by amplitude (or  
power), frequency (or wavelength), phase, direction, pslarieation, and 
coherence. Any of these characterist ics may be chang2d in the process 
of absorption, scatter,  o r  reradiation. Thus the receiver can be designed 
to detect one or more  changes of the incident radiat im and from these 
changes, inferences a r e  drawn about the content of the region. 
It is useful to characterize these techniques wkicb might 
The 
There a r e  three basic types of observation in the passive sense: 
measurement of the spectrum of absorption of the sun's radiation by an 
atmosp'-eric constituent, remote (with respect to the earth 's  surface) 
measurement of the emission spectrum of 2 constituent, and measure- 
ment monochromatically of the zenith angle (or slant range) dependeme 
of the absorption or  emission of the atmosphere. 
- 
The emission spectrum measurement utilizes the assumption 
that the atmosphere may be considered to approximate a medium in 
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local thermodynamic equilibrium (LTE) at  least  up to about 70 km. 
Abo;e this, departures f rom LTE occur because the collisional deactivk 
tion lifetime of an excited molecule becomes comparable with i ts  radiative 
life time. 
Thermal emission, when abserved f rom any region of the atmos- 
phere is a function of the distribution Q€ temperature and concentration 
of the emitting g a s  along the atmospheric path under observation. 
an estimate of concentration can be made by observing the sky temperature 
or  apparent emission intensity of an  atmospheric constituent. 
type of measurement,  one requires a reference temperature measure- 
Thus 
In this 
ment. 
In the active method, microwave oscillators or l a se r s  a r e  se t  
at the molecular resonances of the crastitutebt to be measured. 
orders  of magnitude increase in reemitted signal may he  present,  the 
return f rom the given atmospheric conskituent may be isolated. Know- 
ledge of the lirie shape permits probing in various par ts  of the line and 
thus diffeyential absorption can provide returns that can also yield 
information on concentration profiles. In ge-.eral, since the absorbed 
energy must be at a frequency fixed by the molecular characterist ;  - 
the source or  transmitter should be tunablz. 
Since a n  
At the present, the main probing techniques just described can 
be used in varicus frequency ranges which include microwave, infrared, 
and visible ranges. 
associated with each of these frequency ranges for  the detection process .  
There a. 2 certain strengths and weaknesses 
Tnfrarerl and visible frequencies are still largely a fa i r  weather 
tool a s  they cannot pcnetrate signiiicant ra in ,  fog, o r  cloud cover. Fo r  
this reason, i t  would appear (on an operational basis)  that microwave 
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frequencies a r e  superior for overall detection and actual measurements 
f rom the ground (or a t  least  within the troposphere). 
Some of the factors which complicate the detection problem are:  
absorption and emission from atoms and n,olecules no: of the species 
of interest, spatial and temporal inhoinogeneities, scatter'ng by a i r  o r  
land, clouds, rain, snow, dust, etc. 
The absorption of rndio waves in the lower atmosphere is the 
result  of both free molecules and scspended particles such a s  dust grains 
and water droplets occuring in fog and rain,  The effect of absorption 
by liquid water droplets becomes increasingly severe with increasing 
frequency. Clouds and precipitation attenuate e1ectromagneL.c waves 
through both absorption and scatt3ring processes.  Since cloud droplets 
a r e  generally less  tha-1 100 pm in diameter, the Rayleigh apprcximation 
holds a t  rricrowave frequencies, Clouds a r e  the most difficult systems 
to model since they contain water in a l l  three utates: gas (uncondensed 
water vapqr), liquid (water droplets), and aolid (ice crystals) .  
The relative humidity in water clouds is for a l l  practical Furposes 
100 percent. 
mately doubles for each 10°C increase in temperature. 
vapor content can vary f rom " 4  g / m  a t  0 C to "23 g;m3 a t  25OC. 
The amornt of uncondensed water vapor in  clouds approxi- 
Thus the water 
3 0 
The attcnuktion rate for uncondensed water vapor of 0,014 d B / k m  
3 a t  a wavelength of 1 .5  cm for  each g / m  of watdr 
1946) Can lead to several  tenths of a decibel per  kilometer at: nuation 
dlie to  the wLte;. dpor alone. 
much largar than that of ice clouds. 
cases ,  art: due principally to absorption.rather than scattscing. 
the atteniiation depends more  on total liquid water content than on droplet 
s ize  distribution, 
apor content (Dicke, 
Thus attenuation from water clouds is 
Moreover the loases for both 
Thus, 
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In the lower 30 ki.r of the atmosphere, both moiecular a i d  aerosoi  
scatter a r e  observed. 
account when considering ground-bLsed active measurements.  
Thus scattering f rom aeroscls  must be taken inio 
If the diameter of the particle& is much less  than the waqclength 
of radiated energy and the echoes from th? individual sca t te re rs  a r e  
assumed to a r r ive  a t  :he antenna a t  the same t.ime, but with random phase, 
the? the radar  echo signal level PR f rom a volume of tl.ese individual 
sca t te re rs  is (Hajovsky and Lagrone. 1960  
whe;*e 
Ae is the 
T i s  the 
C i s  the 
is the Ni 
D. is :he 
1 
effective a r e a  of the antenna 
puisle length 
speed of light 
th nwn5er of particles per unit volumc d size  group 
th average diameter cf the Terdsols in the i s ize  group 
This formula holds only urder  the assumptions that: 1) the 
region containing the aercso ls  is large enough so khat the volume 
illuminated by the radar  beam is completely filled with the suspended 
particlee; 1) the number of particles or aerosold per  ucit vo lune  i- 
the region is considered to  be cmstant ;  and 3) ti-? particles a r e  C L  
to be perfect s ihe res .  
ll ? r d  
The major  equipment problem a reas  include sensitivitv, absolute 
accvracy, spectral  response, and directional response ,-?: i:,. 7 :q*itenu;r. 
In addition, each applicatiop has LGZS .raints of cost, size,  .*right, power 
requir !merits , availability and operat1 s implic it.;. 
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Receiver sensitiviiy miy be characterized by the receiver noise 
temnerature 'I the antenna temperature T the bandwidth B, integration 
time ;; and a constant uwhich i E  tisually in the range 1- 3. 
valent r m s  fli-ctuations at the receiver inpiit ATrms is (Staelin, 1969) 
R' A' 
Thus the equi- 
This equation may be useci to estimate an ulti:Ilate limit to receiver 
sensitivity. 
see an antenna temperature T 
(TR = 0) with one second integration time, and B = 10 Hz, ATrms = 
3.03 - 0.09 OK depending on tke valce of a. 
sufficient, then an inteEr '+ion time a r  short  as 8.004 seconds may be 
used. These limits ha-. - a 2:rong bearing on the ultimate spatial resolu- 
tion and coverage which can be o5k;nsd by radic:mei:rs in space (Staelin, 
1969: 
> c , r  example, a ra8jometer in space viewing the ear th  would 
of * 300°K. For  a noiseless receiver A 
8 
If 1°K sensitivity is 
Receiver noise ternperaures are in the range of several  hundred 
degr es at 3 cm wavelenpth to  about 20,000 OK at 3mm wavelength. 
A t  wavelengths longer tLr 3 cm, receiver noise temperatures of less 
than 150°K can be obtaineci wi'h solid btate parametric amplifiers and 
this c-pability is being extended to wavelengths near l c m  (Staelin, 1369). 
.Absolute &cc-rracies ob 1 K a r e  Aeadily obtaizable and values of approxi- 
mately 0.1 - 0.2 'I( can be obtained with great  ca re  (Staelin, 1969). 
0 
For amplifiers other than low mise amplifiers, bandwidths 
ranging from.1 to  10" Hz can be obtained over most  of the microwave 
region t i  .the spectrum wLile most parametric o r  other low noise 
amplifiers have instantsaeous bandwidths of apTroxirnately 200 MHz or  less 
(Stael.i.3, 1 C69). 
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The directional response of antennas varies considerably 
depending upon wavelength and antenna size.  
width of most antennas is approximately 1.3'./D where X is the wavefengtn 
and D is the antenna diameter. 
in  general, th? antenna must be custom built. 
scanned antennas (This can be done mechanically or  electrically (phased 
a r r ay )  ). 
multi-frL .uency capability, lower antenna losses,  and electronic 
simplicity. Electric 11 scanned antennas a r e  more compact, need have 
no moving parts, and can scan more rapidly (Staelin, 1369). 
6 .2  Resonant Absorption 
i'he half- power beam- 
The sidelobe level should be srnall and 
Some applications require 
The advantages of mechanical scanaing include a superior 
5 . 2 . 1  Passiee Configuration 
In this method, the integrated water vapor concentration is 
measured along a path through the atmosphere by monitoring the absorp- 
tion of radiation f rom a natural source {generally the E an). 
The equation describing t k i s  process for a horizontally 
stratified atmosphere and a flat ear th  is (Meeks and Lilley, 1963) 
where 
'b 
=s 
h 
is the antenna temperature related directly to signal and 
noise pov:er observed by a n  antenna with an infinitesimally 
narrow beam. 
is the brightness temperature or' a source external to the 
measurement region (genei ally the sun). 
ir the height of Pte antenna .zbove the ear th 's  surface. 
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@ 
r (x j  
Th, sensitivity of the absorption measurement improves with the 
is the angle between zenith and the direction of observation. 
is the atmospheric attenuation coefficient at slant range x.  
amount of water vapor in the path up to knit optical depth (dr  = K dz) 
thus there exists a unique path length for maximum sensitivity. 
to Croom (1964), this mexsurement is about 10 times more sensitive to 
small  concentrations of water vapor than is the measurement of an 
emission line. 
to that number of excited molecules. 
least expensive solution to  the detection problem and can be used to 
obtain water vapor profiles ir principle by taking integrated w a t e r  vapor 
measurements at several  altitudes. 
a 
Accziding 
This is due to  the greater  number of unexcited molecules 
This method is the most direct  and 
This method and others can be used to  make observations from 
the grQund, frcm- space, and by line of s ight  (occultation) measurements. 
A discussion of these observations follow. 
6.2.1.1 Ground Based Observations (resonant absorption-passive) 
Microw-ive observations are made of crude total water vapor 
content using broad band radiometers and correlating the attenuation in 
certain M with ground based humidity measurements. 
procedure is to observe the signal level on a number of days and to plot 
the signal strength as a function of the measured .7ater vapor content of 
the lower atmosphere. 
losses  and the ordinate or Y axis intercept provides the oxygen loss 
(Straiton Et al., 1960). Using this data to predict attenuation under 
other conditions s i  Cfers not only from the difficulties of the spectra! 
characterist ics of the aimittifig SCKLPCO having to be assumed or deter- 
The general 
The slope of this iine provides the water vapor 
mined s e p a r a t a . .  but also the composition and other properties of the 
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atmcsphere a s  a f-mc-ion of altitude must. likewise be assumed or  
measured. 
components then depends on these factors whose effects depend in turn 
on the details of the theory used. 
The separation of the abeorpticn into water vapor and oxygen 
Another experimental method is to measure the total attenuation 
In the of an externai source of radiatian bv ari atmcspherfc constituent. 
lower atmosphere 
oxygen, and ozone altholigh water vapor and oxygen a r e  now more  commonly 
studied by emission techniques, which a r e  discussed in the next rection, 
However, in the upper atmosphere where the concentration of mater 
vapor is small, the absorption measurements made from a space plat- 
form may be the only method feasible. 
'his method has been used to  study water vapor, 
Advantages of both methods a r e  the following: very sensitive to 
concentretions IC the tropcqhere; sim~!ici!-y; l ~ w  Fnwer ccnsumption: 
easy acessability of data: no need to create radiation. 
Disadvantages of L e  attenuation method are the following: frequency 
cf receiver and antenna limited to &chose of +he molecular transitions; 
requires accurate knowledge of absorption line strength; lack of 
sensitivity to concentrations in the upper atmcsphere due to the bulk of 
earth 's  atmosphere attenuating signal; requires inversion of an integral 
equatim io extract data. 
that it is a very crude method although simpie to  3mploy and lack of 
secsitivity t? coccentratims ir, the Gpper atmosphers. 
Disadvantages of tiA? correlating method a r e  
6 . 2 . 1 . 2  Observationa F r o m  Above the Surface 
(Res onant Ab 8 orption- Pass ive ) 
?his type of obfiervation can monitor the absorption spectra of 
water vapor A€ the antenna is viewing an external source (sun, mQon, 
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s ta r ,  etc.) .  If the antenna i s  not fixed on source, then the emission 
spectra of the atmosphere wil l  be seen. 
The upward viewing experiment is the most appealing configura- 
tion for measuring water vapor f rom a rocket or balloon. 
meter  wi l l  measure the radiation absorption due to the water vapor aiong 
the upward slant path. 
approach zero as the rocket altitude increases since the concentratian ui 
water vapor is thonght to decrease greatly above 90 km. 
in intensity when contrasted against the height of the rocket or vehicle 
should determine the relative water vapor concentration. 
The radio- 
The lntensity of absorption should decrease and 
This decrease 
The main reason for using an absorption experiment from space 
is due to the enhanced sensitivity to concentrations above 30 km. 
disadvantages a r e  as follows: the equ'pment must have greater sensitivity 
and irequency stability to monitor the less broadened lines; restrictions 
orr volume, weight, and power avzilab19; 3 da.ta tranernjssion system 
must be included; and an elevated instrumentation platform (rocket, 
balloon, satellite, etc.)  is required. The main problem for a space 
based absorption experiment is to maintain q'ie antenna fixed on the source 
throughout the flight. Another problem to be considered i s  that the inte- 
gration time wi l l  have to be quite fast in order to use a rocket, yet the 
sensitivity of a radiometer when v i e w i q  the solar  disc for example, is 
low w-less the integration t ime is long. 
compromise between sensitivity and integration speed. 
The 
Thus, there exists a difficult 
4 . 2 . 1  3 Satellite Occultation (resonant absorption-passive) 
Irr occultation, a satellite-borne radiometev receives the radiation 
emitted from another satellite (active resonant a.beorptinn), f rom the 
atmosphere (passive resonant emiseion), or from the sun (or other 
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natural source) along a ray path (passive resonant absorption). 
path may be identified by the height (Tangent height) of the point (Tangent 
point) closest to the  surface of the earth (see figure 10). 
The ray 
An important quantity measured in the occultation experiment is 
the radio refractivity. 
atmosphere not with the SDeed of light c. but with a reduced speed V_ 
given by 
This occurs since radio waves propagate in the 
I- 
V = c / n  where (6 .4)  
P 
n is the refractive index 
The modulus of refraction or  refractivity N, is proportional to 
both the air density and to  the water vapor density (see equation 3.81). 
The changes in refractive index have two effects on the radio waves. 
F i r s t ,  the phase velocity of the propagated wave front changes differen- 
tiallv causing the actual tay  path to be deviated frnm the straight ray  to 
a curved ray path (this is drre to  the atmospheric refractive iriciex gradient). 
Second. the path appears to be longer since the waves travel slower, 
that is, the waves take a loilger time to t raverse  the path and therefore, 
there a r e  more  wavelengths along the path. Thus, in its travel over the 
curved path, the wave suffers an overall phase retardation Qs given by 
(Tank, 1969) 
(#Js =- lo-' j N(s)  ds x 
where 
h is  the radiation wavelength 
ds 
N(s)  
is an element of the curved path 
is the mcdulus of refraction 
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Figure IC: C)ccu!fstioii experiment 
Absorption is another quantity which can be measured in occulta- 
tion since the net effect of the atmosphere on the occultation signal is due 
to both refractive var ia t ims  and absorption. 
(Lusignan e t  a l . ,  1969) showed that the main source of e r r o r  in the 
In 1966, a St; -ford study 
occultation system is water vapor in the lower atmosphere and that using 
the amplitude of the occultatim signals themselves, thc absorption due 
to water vapor could be used to determine the average water content. 
This effect will be superposed over the effect  of refraction. Most of the 
absorption would take place within a fraction of a scale height 01 A e  tiLp- 
gent point s i n c e  the atmospheric density and pressure  fa l l  off exponentially 
with height. The refractive effects will a lso occur near  the tangent point. 
The Stanford group a l so  proposed the use  of a passive microwave 
sensor at 22.235 GHz to  monitor the absorption due to water vapor and 
Lhus Frc-ride fer afi iiidependent source of absorption dzta. To date, the 
use  of the pzssive absorption experiment has had difficulty with vertical  
resolution-(Lusignan et al., 1969). 
The occultation technique became an accepted experimental process  
when the Mariner 4 and 5 spacecraft  detected surprising density profiles 
in the martian atmosphere using a single frequency bistatic radar  measure- 
ment of the phase path variations. 
Fjeldbo et  al., (1965). 
Fo r  more  detail on the theory see  
Advantages of this meaaurement technique a r e  the following: 
ard be made (compared to a rocket o r  air- long t e r m  measurepien' 
craft);  large a reas  can De monitoted in a shor t  period of time; the out- 
gassing of water vapor is l ess  of a problem af ler  a relative short  time. 
However, equipment packages capable of operating over long periods of 
time must  be obtained, 
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6 .2 .2  Active Configurations (resonant absorption) 
In this method, the integrated water vapor Concentration is 
measured along a one way 
tion of an  active source (a source which requires  a separate supply 2f 
power to create  radiation). 
path through the atmosphere using the a b s o r p  
The frequency of the source is f i r s t  tuned to the center of an 
ahsorption line. 
b.j 
The intensity of radiation at the detector is the2 given 
wher.2 
i s  the intensity 'of the radiation source 
is the atmospheric transmission function for d r y  air 
IO 
T a i T  
R is the path length 
The t ransmit ter  is then detuned so that the freauency is outside 
of the absorption line. The intensity received by the detector is  then 
(6 .7)  
The integrated concentration is determined f rom the ratio between the 
on and off line intensities and is given by 
1 
N ( R ) d R  = - f 
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6 . 2 - 2  1 Ground Based Observations 
(resonant absorption-active) 
In this configuration a gr0ur.d based radiometer could measure 
the absorption of radiation from a rockzt, balloon, o r  satellite, 
only the total integrated water vapor density will be known. 
observation will suffer f rom the lack of vertical  resolution, 
ment has been preformed using a ruby laser  emission line at 6943.00 A 
and tuning the laser  cavitjj in order to shift the line so that it ~ o i ~ i c i d e s  
with the 6943.815 Ao line of water vap3r. 
been .nade in the lowest few kilometers of the atmosphere,  but ti-e method 
is capable of extension to greater  heights. 
However, 
Thus this 
The experi- 
0 
The measurements have only 
The advantages of this system a r e  the following: one has control 
of the source characterist ics;  noise can be minimized by using narrow 
bandwidth s igrals .  
apply here  also. 
Most all  the other ground based equipment advantages 
The disadvantages a r e  that the frequency of the t racsmit ter  must  
now be controlled and thpt radiation has to  be prcduced. 
that permission must  be pF ained from federal  regulatory bodi,os. 
Also, the receiver and transmitter have to  be in different locations, 
*uhicfi can lead to  a very expensive experiment. 
This meam 
6 . 2 . 2 . 2  Observations f rom Above the Su-face 
(res onant absorption- active) 
This configuration could be used between tv.0 ciifferent space- 
craft. For  example, a fixed balloon platform at 30  i..n cmtaining the 
scurce and then monitor this source with a radiometp? CJI board a rocket. 
It may also be used between two rockets o r  two aateliites. 
the ac t i \e  occultation experiment and consists of two satell i tes in o r b 2  
which can be spaced so that diffe-ent line of Bight psths can be chosen 
The latter is 
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between the two. 
carefully upper atmosF'ieric layers.  
has been discussed in section 6 .2 .  I .  3. 
This experiment has great promisc for  examining quite 
The theory of thiE type of experiment 
Advantages of such systems a r e  the ability to coiltrol the source 
characterist ics and that the measurements would be free of the effects 
of lower atmospheric water vapor. However, the vehicles ca r ry  water 
vapor into the measurement region, thus providing a possible e r r o r  source. 
Another problem to be deblt with is the exist 
builds up around any supersonically traveling body such a s  a rocke,. 
This shockwave is a layer of a i r  a t  a different temperature than the a i r  
making up the atmosphere. 
to a difference in refractivity between the antenna and the external 
atmosphere. A s  the speed of the body increases,  the temperature of the 
layer increases and at a. sufficiently high temperature, the layer becomes 
a plasma (ionized gas) wkich can prevent the rece+tiun of radio signals. 
-e of a shock wave which 
This difference in temperature gives r i se  
However, even more important is the fact tnat two independent 
vehicles introduce such cornplexitiea into the measurement that its 
feasibility be;ciues vanishingly small. 
6.3 Resonant Emission 
6 . 3 . 1  Passit Configuration 
This method also the least  costly, monitors the emission spectra 
of water vapor f rom any point in the atmosphere. 
this process for a horizontally stratified atmosphere and a flat ear th  is 
(Meeks and Lilley, 1963). 
The equation describing 
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where 
Tb is the antenna temperature observed by an antenna with 
an infinitesimally narrow beam 
is the kinetic temperature of the atmosphere 
is the height of the antenna above the ear th ' s  surface 
is the angle between zenith and the direction of observation 
is the atmospheric attenuaticn coefficienL a t  slant range x 
T 
h 
@ 
r (x)  
This equation descr ibes  the emission taking place within the 
atmosphere along the slant path. 
6.3.1.1 Ground Based Observat!.ons 
(resonant emis  sion- pas sive) 
Spectral emission teclmiques a r e  presently used for the bulk of 
Those observations near a wave- the microwave atmospheric studies. 
lengt!i of 5 mm (or 60GHz) a r e  dominated by the thermal  emission f rom 
molecular oxygen. 
the temperature structure in the lower atmosphere may be determined. 
Two methods a r e  available f w  varying the depth of penetration. F i r s t ,  
one can make observations at different frequencies a t  a fixed zenith 
angle, such that those frequencies least  attenuated by absorption features 
of oxygen wi l l  penetrate the atmosphere further. Second, one can make 
observations a t  differect zenith angles, a t  a fixtd frecuency so that a t  
large zenith angles, longer paths through the atmosphere a r e  probed 
than at smaller  zenith angle&. As the path length thrcugn ' - atmosphere 
increases  with zenith angle, there  ia a corresponding increase in attenua- 
tion for a plane parallel  atmosphere. 
the secant of the zenith angle and if  the atmosphert  were horizontally 
stratified 
By varying the depth of penetration into the atmosphere, 
The 11th length ie proportional tc* 
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7 (@) = T 0 sec Q ( 6 ,  10) 
where 
@ 
7 
FDr the case of the spherical  atmosphere, the secant law is 
upeful up to zenith angles of abaut 85  (Wuifsberg, 1967). 
i; the zenith angle and 
is the vertical atmospheric opacity o r  optical depth 
0 
0 
In both of the above methods, it is necessary to  have temperature 
information. Also equation 6.3 must be inverted. 
T h e  inveraion process  is very important t o  the accurzcy cf the 
Consiiarations for this process  a r e  the following: observational data. 
how does the te-hnique handle noise in  the observational data, k R 
fast  does the particular technique converge to a solution and is thRt 
fiolution unique and real .  
dilferentiation which Srossly amplifies any noise or  observational e r r o r .  
The most  serioue e r r o r  is imposed by numerical 
Spepti-a1 emission observations a t  wavelengths near  1 .3  - cm 
detect the thermal emission f rom water vapor and have been shown to I-- 
an effective method of inferring crude tropospheric water vapor p=.ofiles, 
integrated water vapor, and stratospb ?ric waier vapor, 
can also diiferentiate liquid water f rom water vapor by virtue of the 
different spectral  responses in the two cases ,  
inicrowave channel in the 0. f' to 1 cm racge of wavelengthe where these 
differences a r e  epsily detectible is rlseirable. Microwave s c  or9 come 
closer than any other sensor to hsvirlg a l l  weather capability, Like most  
passive microwave atmcspheric studies, the method may be regarded 
as s t i l l  in the stage of infnr,r,/ a n d  its full potential has not been fully 
exp l .~  *. 4 ,  
The observatior.8 
For  this purpose, a 
However, since ground based measure.  ients t f  water vapor 
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? r e  not sexsitivc to the atmosphere above .", km, it is necessary to 
consider space based observations. 
Advantages of this passive system a r e  that there  i s  no peed to 
create  1-adiation and the lcw cost of an e'cperiment. Xcweve -, this 
experiment is not a s  sensitive to si-all concentrations a s  is that uf 
resonant abs orpticn. 
6.3.1.2 Observations f rom Above the Surface 
(resonant emis sion-pas sive) 
Detection of water vapor in the upper etrnospher. 1-i he 
accomplished using vehi,-les in space in the following inanni r. 1.) 
the surface of the ear th  f r am above in which case the ev &:s;vity of the 
surface viewed rnua t be known, this ir, discussed further i r  the text. 
2 )  view the atmosqhere along a n  upward slant path where the emission 
spectra of the water vapor present along the line of sight path is moni- 
tor ed. 
ricw 
Spaceborne, downward looking ex2eriment:. at wa,velen,t'is nea 
the water vapor resonance line a t  1 .35  c m  a r e  capable of sensing atmus- 
pheric water vLpor and 1iqu;d wate- -.ontent of clouds o.re, oceans, TKa 
method is at least  an order  of magnitude less sensitive over land sur -  
faces. 
microwale temperature Df the oceans i s  % 150 K 3ecau-e  of the low 
emissivity of water, whereas the microwave tempcrat*i,re rJf land is 
* 30O0K. 
between the wate.? vapor and k ckground is considerably enhanced over 
the oceans, 
to determine tSe integr;ted water vapor 1 ontent to  within abou: 0. * gm-crr 
when cct2led with a microwave temperatur,  ounding experiment. How- 
The major reason for thc differt3ce in  the two caYes is that tile 
0 
0 S;-.se the atmospheric water ; . ~ p o r  is near 280 K ,  the contrast  
Staelin (1968) reported that tnin configui-aiior, c\;uld !,? used 
- 2  
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evOr, this temperature sounding experiment will present additional 
complications in a spa .eborne @robe. 
As was mentioned in section 6.2.1.2, the upward viewing experi- 
ment s eems  very appealing. 
must  scan. only the 
F o r  this ccnfiguration however the radiometer 
?Id background atmosphere ( %  300°K) in order  to 
measure  the emission spectra.  This experiment is l e s s  sensitive than 
+he passive absorption measurement. But if sensitivity is not a problem, 
tk:cn the emission experiment could be much easier to preform since it 
-hould bc ? .uch easier  to keep the antenna fixed on the cold background 
than on a hot source of radiation which has a much smal le r  solid angle. 
Most of the other advr7tages and disadvantages which have been Ascussed 
in section 6.2.1.2 apply here  also.  
6.3.2 Active Configuration 
(resonant emission- active) 
In this n;ethod also known a s  resonant scat ter ing,  the molecules 
in a region a r e  excited by the t ransmit ter  beam and then the excited 
molecules emit radiation spontaneously into a solid angle of 4r 
steradians . Measuring the emitted radiation determines the relative 
concentration of the niolecules. 
This emission only occurs when the wavelength of the incident 
radiation is close to  that of a n  absorption line. Since the C ~ O B S  section 
will vary across  the absorption line and since most experiments 
performed use radiation with a bandwidth greater  than that of the absorp- 
tion line, i t  is ccnvenient to discuss an integrated back-scattering function 
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where p ( v )  is the backscattering function a t  frequency u. 
shown that 
It can be 
2 '  
e fn  n @ ( v )  d v =  s 16n c omc 
Av 
(6.11) 
where 
f ' is the oscillator strength oi the transition (the equivalent 
number of harmonic oscillators required to  yield the same 
strength) and is given by 
n n  
B '  hmvn' n 
r e  2 r n  
f '  = 
n n  (6. 12) 
e 
m is the mass of an eiectron 
E is the f ree  space permittivity 
C is t!ie speed of light 
h is Planck's constant 
is the charge of an electron 
0 
and 
is Einstein's coefficient for induced emission Bn n 
The value of B(v)  will depend on the oscillator strength of the 
transition as well as the line shape, but will be many orders  of magnitude 
greater than the Rayleigh scat ter .  
6.3.2.1 Ground Based Measurements 
(resonant emis  s ion- active) 
This method has been put tr> use in recent yea r s  using high power 
l a se r s  to  excite the medium. A t  the present, the state of the a r t  (s ize  
vs. power) rzquirements of l a se r s  limit their  use to ground based 
measuremeJ is. This mechanism does have one strength which may 
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make it a very promiskg  technique in the future. 
reported that resonant emission' is quenched o r  perturbed asd' is rarely 
observed at  high atmospheric pressures .  
emission has Characteristic re-err-ission times of the order  of 10 
seconds to  10-1 seconds whereas the average time between a i r  mclp- 
cule collisions in the troposphere is usually very short ( 
seconds!. Fifteen kilometers i s ,  with few exceptions, a lower l im'.  sn 
the observation of resonant emission (Derr et  al.,  1970). 
Derr  et al .  (1970) 
This is because resonant 
- 8  
The method has only been used t o  detect sodium a t  very high 
altitudes thus far, however, there is only a small  concentraticn of 
sodium. 
line of sodium. 
of any molecule which has a strong resonant line such as water vapor. 
Advantages of this system a r e  that control of the source allows 
accurate phasing of the source pulse to the receiver and narrow band- 
width signals can be used to limit noise. However, a strong power 
aource is required. 
it is out of the question a t  the present time. 
The detection was made possible by the very strong resonant 
Thus the technique has potential for use in detection 
This is no problem on the ground, but in space, 
6 .4  Raman Scatter 
In this method (always active), a source of fixed frequency is 
used to excite a volume of molecules which in turn will scatter (reradiate 
instantaneously) the energy with a shift in frequency characterist ic of 
the molecule, 
The return power Pr from the range R ie given by (Kobayaei, 
197i.) 
Po 1 k TLTrArY (P-) N(R) dr (n) 
P =  r - (6. 13) n 
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where 
I 
k 
is the transmitted power 
is one half the pulse length 
is the 
is the 
is the 
is the 
is the 
total efficiency of the receiver and transmitter 
atmosphere transmittance a t  the transmitter frequency 
atmosphere transmittance at the M a n  shiited frequency 
effective receiver a rea  
geometrical factor that accounts for overlap of the 
transmitter and receiver beam paths 
is the density of the molecules and 
7 (r) is the Raman vibrational- rotational backscattering differen- r 
tial cross-section 
The Raman scatter cross-  section is inversely proportional to 
the fourth power of the waveiength, thus the largest  cross-section would 
be in the ultraviolet region of the spectrum. 
next largest  cross-section ( *  IO- '* 
considered, this rne;;hod has the smallest  c To:;s-section (the average 
Raman cross-section is of the order of 4 x 10 
cross-section for atmospheric gases).  This is the main problem with 
using this method in the microwave region where the cross-section is 
of the order  of 10 cm /sr .  
The visible region has the 
2 cm / s r ) .  Hc-vever, of all the processes 
- 3  that of the Rayleigh 
- 4 6  2 
6 . 4 . 1  Ground Based Observations 
(Raman s ca tt e r - active ) 
This method has been used for detection of the major atmospheric 
components such a s  N2 and 02, also for H20 in the lower atmosphere 
where the density of H20 is greatest .  
(to the author's knowledge) for obeervations above the surface (excluding 
This technique has not been used 
-94- 
smokestack observations), 
of the method to the small  concentrations of molecules and atoms present 
in the upper atmosphere. A t  present the method is limited to  grourid- 
based measurements, thus space-based observations will not be cimsider 
ed . 
This is most likely due to the low sensitivitv 
Advantages of Raman scat ter  a r e  in its ability to avoid completely 
the ambiguity in the return at the t ransmit ter  frequency due to the Mie  
and Rayleigh scattering components. 
requires only a single wavelength source where in general, the resonant 
absorption and resonant emission schemes require a tunable source. 
Moreover, the Raman method 
Disadvantages in addition to  the small  cross-section a r e  the 
following: that since al l  molecules in the atmosphere contribute to the 
Raman scattering, good filtering techniques a r e  required to  select  the 
Raman signal for  the constituent of interest;  the requirement of high 
power t ransmit ters ;  the lack of sensitivity over long distances (Kildal,; 
et a l . ,  1971). 
CHAPTER VI1 
SUMMARY AND DISCUSSION 
Present  knowledge of water vapor concentrations above 30 km is 
extremely meager.  Estimates of volume mixing ratios of 1- 3 ppm a r e  
widely used, however real is  tically one cannot rule out uncertainties of 
plus o r  minus an order  of magnitude about this level, 
complicate our understanding of fundamental atmospheric processes  and 
s t ructural  models. 
water vapor measurement is becoming c learer  
These uncertainties 
Consequently the signif;cance of a n  upper atmospheric 
The present work is intended to form a comprehensive back- 
ground for the development of a measurement technique. 
the following a reas  of interest: what is  known and presumed of water 
vapor in the upper atmosphere; the molecular properties of H 0, 
especially in the microwave but to a l e s se r  extent in the infrared; 
radiative transfer and scatteriilg theory a s  they apply to atmospheric 
measurement problems; and a survey of measurement c digurations.  
In the microwave region, water vapor has two rotational lines 
It deals with 
2 
at about 2 2 , 2  GHz ( 1  ., 35 cm)  and 183 GHz ( 1  64 mm). 
is by f a r  the weaker of the two but l ies in a relatively uncluttered region 
of the spectrum (see Tigs. 
and receiving equipment is already developed. 
instrumentation development could easily make the 183 GHz line rather  
attractive for  the mesospheric measurement where sensitivity is essential. 
There is a close lying O3 line, a s  shown in Fig. 12, however i t  is  a t  
least  an order  of magnitude weaker, 
The 22 GHz line 
11 and 12) for which adequate transmitting 
Millimeter wave 
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Figure 1 1 :  Zenith attenuation versue frequency (Crane, R .  K., 
1971; reprinted by permission of the Institute of 
Electrical and Electronic Engineers, Inc. ) 
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Figure 12: Line frequencies of several atmospheric gases 
(Tolbert, C. W .  et al, 1963; reprinted by 
permission of the Institute of Electrical and 
Electronic Engineers, Inc. ) 
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There a r e  a multitude of vibrational-rotational bands of water 
vapor through the infrared. Among these, strong bands between 1 . 3 ~  
and 1 . 9 ~  and a t  6 . 3  )I appear quite attractive and should be looked a t  in 
more detail. Tuneable l a se r  technology a t  these wavelengths is now 
available promising rather  sensitive absorption measurements f rom 
active configuration experiments,  
The satellite occultation configuration is clearly superior to the 
others considered. 
water vapor measurement which is rlecessary for the specitic aeronomic 
and ionospheric problems which bear on the stratospheric and mesospheric 
water vapor concentrations. Secondly, the large atmospheric paths 
lengths associated with thc occultation configuration appear to be very 
necessary in view of the low water vapor concentrations likely to be 
found in the mesosphere. 
a s  wel l  as infrared wavelengths, appears  to  require an active, two 
vehicle configuration. The simplest  configuration which meets all 
these cr i ter ia  hvolves  two vehicles in closely spaced station keeping 
orbits. 
F i r s t  of all ,  i t  alone could proviJe a truly global 
Finally, maximum sensitivity for microwave 
The next s tep appears  to  be detailed engiheering calculationp 
with specific hardware and orbital vehicle8 in mind, 
APPENDIX A 
THE WATER VAPOR MOLECULE 
The water vapor molecule (HZO) is a n  asymmetr ic  top molecule 
and has a very complicated spectrum. 
(1.85 Debye) and thus the molecule undergoes very strong electric 
dipole transitions, 
two of which a r e  symmetr ic  and one antisymmetric.  
principal moments of inertia a r e  different. 
by a plane model which has the property that the s u m  of the two principal 
moments lying in the plane is equal to the moment of inertia perpen- 
dicular to  the plane. This, however, does not simplify the equations of 
motion. In  the unexcited state, the water vapor molecular configuration 
has the form of an  isosceles triangle with side length S 
(nucleus to nucleus) hydrogen oxygen distance and an apex angle 8 = 
104' 30'. The absorption of radiation by water vapor in the region f rom 
0. 54 to 9p is caused by vibrational-rotational t ramit ions and in the far- 
infrared (from 9p to 1.5 cm) by purely rutational transitions. In the far 
ultra-violet (A < 0.2p) ,  the absorption is determined by electronic transi-  
tions, dissociation, and ionization. 
The dipole moment is very strong 
The molecule has three non- degenerate eigenvibrations, 
A l l  three of i ts  
The molecule can be represented 
= 0.958 2 OH 
The rotation-wibration spectrum has been accurately mapped f rom 
135p to 5700 k. Ghosh and Edwards (1956) compiled a listing of H20 
resonance lines in the microwave and far infrared reg ime.  The pure 
rotational spectrum reaches i ts  maximum intensity around 50p, f rom 
which point i t  slowly decreases  until a t  about 15p only a few lines a r e  
observable. 
time due to the ov-?er edge of a fundamental vibration band. 
A t  about 8 . 5 ~ ~  an intense absorption again se t s  in, this 
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The only significant transitions occuring a t  frequencies up to  
300 GHz a r e  a t  22.235 GHz (J+ 5-1--6 5 )  and a t  183.31 GHz (J; 22--3-2). 
Detailed information on the 22.235 G H z  line has been difficult to 
get with conventional absorption spectroscopy because of the small  
absorption coefficient (7.21 x cm ). - 1  
Randall e t  al .  (1937) gives a listing of the rotational lines of water 
allowed vapor which is quite extensive. 
transitions of water vapor a r e  given by Dennison (1931). 
The selection rules governing f>i 
The selection rules Eollow f rom the wave functions and their 
symmetry properties which describe the energy l..vels involved in the 
transitions. Fo r  the electric dipole, the selection rule is AJ  = 0, f 1 
except J = 0- 
there  a r e  2 J  t 1 nondegenerate energy levels. 
distinguished by the subscript  T where T = - J for the lowest level, 
- J t 1 f o r  the next higher lelrel and so  on up to t J  the highest leve:!,. 
A trans;.tion f rom one energy atate JT to another ,TT of higher energy i s  
accomplished by the absorption of a discrete  amoimt of energy in accor- 
dance with the eelection rule.  AJ  > 1 is forbidden in a dipole tracsition. 
The transitions a r e  divided into three branches relating to whether the 
change in J (AJ) is - 1, 0, or  t 1  and a r e  known as thz  P, Q, and R 
branches,  respectively. 
corresponds to emission thus the P branch does not contribute to the 
absorption of energy (Hall, 1967). 
= 0 which is forbidden. Fo r  each quantum level J; 
These energy levels a r e  
A J  = t 1  correoponds to absorption and AJ = - 1 
Each level df the molecule is given a symbol ( A t ) ,  (t-), (- t), 
o r  ( - - )  which denotes the symmetry group to  which the level belongs, 
Since in water vapor, the electr ic  moment l ies  along the middle axis of 
inertia, the only radiative transitions a r e  those connecting the levels 
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(tt) - ( - - )  or  (t-) - ( -  t). 
of the water vapor molecule which a r e  observed to have the following 
main wave numbers. 
There a r e  three types of normal vibrations 
$0 -0 
v = 3670 cm" 1 
- 1  v2 = 1675 c m  v 3 = 3790 ern" 
A l l  of these types a r e  active in absorption. 
The rotational water vapor absorption spectrum is associated 
with rotational energy transitions caused by the molecule rotation 
around its axes a ,  b, c ,  asymmetrically and in a spinlike manner (sea 
figure 13). 
Since the selection rules only allow the transitions (tt) to  combine 
with ( - - )  and (- t) to combine with (t-), there is no absorption of the 
non- resonant type since the electric moment matr ix  of the molecu, 
contains no diagonal elementc . Non- resonant absorption would rc:qui re 
diagonal matrix elements and thus would demand t h t  (tt) combine with 
(tt) which is not allowed. 
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Figure 13: Water vapor molecc!e 
A P P E N D I X  B 
M O L E C U L A h  OXYGEN 
The oxygen molecule has a number of transitions in the micro- 
wave region around 60 GHz and a transition a t  118.75 GHz. 
wave spectrum of the oxygen molecule is a result  of fine s t ructure  
transitions in  which the magnetic moment assumes various directions 
with respect to the rotational angular momentum of the molecule. 
Oxygen has an intranuclear distance of 1.128 %. 
not possess an electric dipole moment however i t  LJes  have a magnetic 
dipole moment. 
possesses two unpaired electrons. 
quantum number of S = 1. 
the end over end rotation of the molecule) can only assume odd values 
because of the exclusion principle. 
The micio-  
The molecule does 
This magnetic moment a r i s e s  because the molecule 
These unpaired spina give a spi- 
The rotational quantum number N (N descr ibes  
An odd rotational state N then combines with a spin s ta te  to 
produce a total angular momentum vector with quantum number J = N - 1, 
N, o r  N t 1. 
transitions of the fo rm (J = N) -(J = N t 1) and (J = N)-(J = N - 1).  
e The gyromagnetic ra t io  g- Thus the 2mc 
oxygen molecule has a magnetic dipoxe moment of two Bohr magnetons. 
This magnetic moment interacting with the magnetic field of the micro- 
wave radiation Pesults in abscrption of energy. A t  high altitudes, the 
Zeeman effect ir, oxygen cannot be neglected. 
wi l l  split the oxygen lines into separate componente. 
of the molecule specified 5y the q u a n t u l  number J will be split into 
2J t 1 magnetic eubstatea. 
Selection rules for  the f ine s t ructure  transitions permit  
has a Lande factor g = 2,  
The ear th 's  magnetic field 
Each quantum state 
The fine s t ructure  transitions A J  = f 1 
-104- 
proceed according to the selection rules AM = 0, f 1 where M i s  the 
magnetic quantum number. Generally there a r e  3(2J' t 1 )  Zeeman 
components in the transition where J '  is the smaller of the two J values 
involved. In the case of oxygen, there is non-resonant absorption since 
the absorption is caused by the magnetic dipole moment for  which the 
rule is that t combines with t and - combines with -. 
to the matr ix  for  the magnetic dipcle moment having diagonal mat r ix  
elements. 
This gives r i s e  
AFPENDIX C 
MLE SCATTER APPROXIMATiON 
Penndorf (1962) has obtained an approxi-mation formula which 
will  extend the Rayleigh range by about a factor of 2.  
can be derived from Mie ' s  formula using the ser ies  expansion method, 
For  rea l  indices of refraction n, the totirl scattering coefficient is 
This formula 
where 
6 2 n t 41n4 - 284n t 284 
A L (  135 (n2 + 2) 2 
2rra and 9 = x, the s ize  parameter.  Note that the first term is the Ray-iigh 
formula 
2 4 4  2 1 2 8 ~  a
K =  (C03) 
This approximation ( C .  1) can be used up to a s ize  parameter of 9 = 1.4 
and n < 2. 
remain below 2 percent up to n - 1 . 5  and reach 15 percent a t  n = 2. 
The e r r o r  between the exact computation (Mie) and Ks wil l  
Fo r  the case where the indices of refraction are complex 
(m = n-ix), the total extinction coefficient is 
- 106- 
c. 
where 
2 2 2  2 2  Z 1 = ( n  t x )  t 4(n - x )  t 4 
2 2 2  2 2  z2 = 4(n t x ) t 12(n - x j t 9 
The total scettering coefficient is 
(C.  6 )  
2 Mi_e 8B< [ ( 2 2 2  2 2  (n t x )  t n - x  - 2 )  t36n x 
KS - 32; 
where 
These two equations (C.4), (C.  6 )  lead to reliable values for = 0 . 8  
in the range n = 1.25 to t = 1.75  and x S 1. For any larger particle the 
exact Mie forumbe have to be used. The useful size r L L  
droplets at weather radar frequencies for which cor:a.pi c indices of 
refracticn pertain, is restricted to adout CY,<,. 0.2 .  
- fcr water 
APPENDIX D 
where 
DERIVATION OF ELSASSER'S INFRARED 
ABSORPTION MODEL 
From section 5 . 2  the fractional absorption for the entire band is 
n 
1 
2lr 
A = -  s 
- T r  
1 - exp (-K,W) dx 
From the definition in section 5 . 2  
2 
2 s in x/2  
SoWnAv - Q - KaW = 2 2  d s in x I 2  
if we let 
a 
= .izGJT 
The integral can be written 
The ir,cgral then may be transformed into 
(D. 1) 
(D. 2) 
through the substitution 
-108- 
To evaluate this integral, let  
2 2  -a  x 
dx 2 I (a) = 
0 
then 
or 
m 2 2  2 2  -a x dx 
I' (a)  = -2a f e - a x  t i x t 2 a J  1 x t a  e2 2 
0 0 
2 = - J ~ T  t 2 a a  I (a) 
dl 2 - -  2aa I = -$w da 
which has the solution 
2 2  - t  a 
a 
dt t c 
2 2  
a = - f i r  (' e 
J 
0 
Then from (D. 8)  
dx Tr 
ff 2a x t a  
0 0 
(D. 10) 
(D. 11) 
(D. 12) 
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, thus which implies that C = - 7r 2Q 
2 
du TT a 2 2  2 
2 2  
TT a a  
0 
F - -  2a e I(a) = - e 2a 
where 
2 p e-u du 
0 
erf (aa )  5 
For the integral in equation (D .6 )  
a = 1 and the result is 
A = erf (a) where 
(D. 13) 
(D. 14) 
(D. 15) 
3 )  
d 
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